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The Mississippi River Valley Alluvial Aquifer (MRVAA) is declining precipitously due
to irrigation withdrawal for row-crops. The development of agronomic practices and
scientific irrigation scheduling techniques for soybean (Glycine max L.) will reduce
withdrawal from the MRVAA. The objective of this research was to determine if soybean
grain yield, irrigation water use efficiency (IWUE), and net return above irrigation cost
could be optimized by: utilizing SURGE irrigation, using a static irrigation threshold or if
the irrigation threshold should be changed as a function of plant growth stage, planting
date and maturity group selection, and row spacing and plant population selection. Our
results show that that IWUE and net returns above irrigation costs in a furrow irrigated
environment can be optimized by utilizing SURGE irrigation, a season-long, static
irrigation threshold of -85 kPa, altering maturity group selection as a function of planting
date, and by planting soybean in a narrow row configuration. With the implementation of
these tools and practices IWUE and net returns above irrigation costs can be maximized
iii

up to 65% and 38%, respectively. Results from this research indicate that soybean
producers in the Mid-South and other regions that irrigate using lay-flat poly-ethylene
tubing can adopt agronomic practices and scientific irrigation scheduling for soybean
without adversely affecting yield or on-farm profitability, while concurrently decreasing
the demand on depleted groundwater resources.
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CHAPTER I
LITERATURE REVIEW
1.1

History of Soybean Production
Soybean (Glycine max L. Merrill) is one of the oldest cultivated crops in the

world. According to ancient records, the Chinese first domesticated soybean circa 664
B.C. (Hymowitz 2004) and it wasn’t until the first century AD that soybeans began to be
grown in other countries (North Carolina Soybean Producers Association 2014). Asian
cultures utilized soybean as a food source, as well as a cover crop to fix nitrogen in
rotation with other crops. The first record of soybeans grown in the United States was in
1765 by a Georgia colonist (North Carolina Soybean Producers Association 2014). Prior
to the 20th Century, soybeans were grown for a variety of reasons such as forage and
grain for livestock, but in 1904, George Washington Carver discovered that soybeans
were a valuable source for oil and protein (North Carolina Soybean Producers
Association 2014). Carver was also the first to notice the capabilities soybean has on
preserving quality soil, and suggested cotton farmer’s plant soybean in a three year
rotation (North Carolina Soybean Producers Association 2014). Yet, it wasn’t until the
1940’s that soybean production grew in the United States due to China, the major
soybean producer at the time, having its production slowed due to WWII. Demand for
oil, lubricants and plastics grew substantially during war time and American farmers
planted the much needed soybeans. Following the end of WWII, demand for meat
1

consumption grew in the United States and livestock producers found that soybean meal
was an inexpensive source of protein (North Carolina Soybean Producers Association
2014). With its protein content and high-quality oil, soybeans serve the needs of both
humans and animals in numerous ways (Heatherly and Hodges 1999). The oil and protein
content account for 60% of dry soybean by weight, 40 and 20% respectively. The
remaining dry weight consists of 35% carbohydrate and 5% ash. Defatted soy meal is
used for animal food and other products appear in processed foods.
The bulk of the soybean crop is solvent-extracted for vegetable oil. Due to this,
the crop has become the most widely grown oilseed in the world (Hoeft et al. 2000). The
United States alone has seen an increase in planted soybean hectares from 1.21 million in
1930, to 31.24 million hectares in 2012 and in 2012 the U.S. produced 82.2 billion kg of
soybean (USDA/NASS 2012). The Midwestern states of Iowa, Illinois, Indiana, and
Minnesota are typically the largest producers of soybeans. However, soybean production
in Mississippi has grown from 34,400 hectares planted in 1930 to 900,000 hectares in
2012 (USDA/NASS 2012).
1.2

Soybean Growth and Development
Soybean is an annual photoperiodic plant with a wide variation in morphological

structures. Soybean can have few to many branches and the plant typically develops a
diffuse root system comprised of a taproot, secondary roots, and orders of other roots.
Leaves are trifoliate, and leaflets are 6-15 cm long and 2-7 cm wide. Leaves, stems, and
pods are covered by fine pubescence, which are brown to gray in color. Flowers are
small, inconspicuous, and cleistogamous. They are borne in axillary racemes and are
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white, pink, or purple. Fruit consists of pods 3-8 cm in length and are found in clusters of
three to five. Pods contain three seeds on average, with each seed 5-11 mm in diameter.
Soybean development is divided into two growth patterns. The indeterminate
growth pattern consists of a stem whose terminal bud continues vegetative growth
through maturity (Fehr and Caviness 1977). Reproductive growth begins when the plant
has 6-10 nodes and has acquired around half of the final plant height. From this point to
maturity, indeterminate soybean will carry out vegetative and reproductive growth
simultaneously with little lateral branching. Blooming will first occur around the seventh
node and will progress both upward and downward. Fruit are borne only in axillary
racemes. The determinate growth pattern obtains most of the final vegetative growth
prior to initiation of reproductive stages. Blooming occurs almost simultaneously
throughout the plant, and fruit is borne in axillary racemes and a terminal raceme.
Determinate cultivars also branch more extensively.
The method describing soybean growth stages by Fehr and Caviness (1977) was
the first system used with both determinate and indeterminate varieties. This method was
slightly modified by Pedersen (2004) and is currently the most commonly used to
describe soybean growth stages. This system first defined the vegetative and reproductive
stages separately. Soybean typically emerges 5-10 days after planting and is designated
as VE or emergence stage. After emergence, the cotyledons begin to unroll and once fully
unrolled the plant puts on unifoliate leaves at which the growth stage is termed VC or
cotyledon stage (Pedersen 2004). From the cotyledon stage, soybean begins to put on
trifoliate leaves and the subsequent remaining stages of vegetative growth are designated
by the number of trifoliate leaves to the nth degree, or Vn growth stage. Fehr and Caviness
3

(1977) define eight reproductive stages, R1-R8 and Pedersen (2004) made slight
alterations to some stages. Once days have reached the proper length, growth becomes
reproductive and soybean produces an open flower designated as R1 (Pedersen 2004).
Once soybean reaches R1, it continues to produce flowers at all nodes and once there is
an open flower at the two uppermost nodes, it is defined as the R2 growth stage
(Pedersen 2004). From R2, plants begin developing small 0.95 cm (3/16”) pods where
flowers were pollinated and once plants develop one 0.95 cm pod in the uppermost four
nodes, it is termed R3 and is considered the beginning of pod setting (Pedersen 2004). At
this stage pods continue to develop and grow in length and when one pod in the
uppermost four nodes reaches 1.9 cm (3/4”) in length it is designated as R4 and is
considered the end of pod setting (Pedersen 2004). Once pod setting is completed, pods
begin to increase to their full size and seed fill begins. Once seed inside 4 pods in the
uppermost four nodes of the plant reach 0.3 cm (1/8”) it is considered R5 (Pedersen
2004). From R5, seed continue to grow in size within the pod cavities. R6 is the final
stage of pod fill and defined by having a pod in the upper four nodes containing green
seed that occupies the full pod cavity (Pedersen 2004). Once seed fill is completed the
plants begin to reach physiological maturity. R7 is defined as having one mature brown
pod present anywhere on the plant and is considered the beginning of maturity. The
remainder of the pods begin to mature and reach their brown color beyond R7. Once 95%
of all pods on the plant have reached their mature color, plants are considered to be at the
R8 growth stage which is defined as full physiological maturity. As with most grain
crops, moisture levels within the pods begins to decrease as senescence progresses. Once
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R8 is reached, the soybeans are ready to be harvested. Most harvesting should take place
when seed moisture is 13-15%, unless drying aids will be used.
Soybean cultivars are divided into maturity groups (MG) ranging from 00 to VIII
(Hartwig 1973) and the differing MGs are separated by the amount of daylight required
to begin flowering. Maturity group 00 require the least amount of daylight, while MG
VIII require the most. Soybean is a short-day plant, and floral induction only occurs when
days are shorter than some critical length and subsequent temperatures determine when
flowers will appear. Typically, indeterminate growth patterns are found in MG IV and
earlier; conversely, cultivars in MG V and later typically exhibit determinate growth
patterns.
Soybean cultivation is suited for climates possessing hot summers, with optimum
growing temperatures between 21 and 29° C (Hoeft et al. 2000). Temperatures above or
below the optimal range have the potential to retard growth. Soybean grows best in moist
alluvial soils with high organic matter. Soybean is a legume and forms a symbiotic
relationship with the bacteria Bradyrhizobium japonicum. The bacteria fix nitrogen for
the plant and in return receive photosynthates from the soybean. The bacterial fixation
process requires a great deal of energy and complicated biochemistry. The first nodules
appear around seven days after emergence and at maturity the root system is heavily
nodulated under ideal conditions (Hoeft et al. 2000). Suitable environmental conditions
for optimal soybean growth parallel conditions suitable for survival of B. japonicum.
During a growing season, B. japonicum allows soybean to meet nitrogen requirements of
up to 353 kg ha-1 by means of symbiotic relationship (Ferguson and De Groot 2000).

5

1.3

Production Practices in Mississippi
The Mississippi River alluvial flood plain is one of the largest contiguous and

most intensively farmed agricultural areas in the United States. In Mississippi, an 18,000
km2 area is referred to as the “Delta”. Soybean and cotton (Gossipium hirsutum L.)
production emerged in conjunction in the region; therefore, the two systems utilized
much of the same equipment and many of the same practices. Historically, MG V, VI,
and VII soybean cultivars were planted in June or July on wide (96 cm and greater) row
spacing. Mechanical cultivation practices and directed applications of herbicides were
common. Soybean production has changed over the years in terms of planting dates,
fertility, rotations, irrigation, planting systems, weed and disease control, varieties, and
subsequent yields. The advent of glyphosate-resistant (GR) crops and the adoption of
glyphosate defined modern row crop production.
The MG V, VI, VII, and VII soybean varieties that were planted in Mississippi
from mid-May to early June reached high-water demanding reproductive stages during
July and August. On average, these months are typically the hottest and driest out of the
year. Thus, the varieties had to endure yield limiting stress factors during the most critical
growing time. This production system led to relatively low and static yields, which were
on average about 1,890 kg/ha. Research was then conducted to determine the benefits of
planting earlier maturing varieties at earlier planting dates. This combination reduced
plant stress due to weather and environment, which led to improved soybean yields. The
results from the study created the Early Soybean Production System (ESPS) and
Mississippi soybean producers have widely adopted the system. With the ESPS, earlymaturing soybean cultivars are planted in April, an effort to avoid seasonal drought and
6

to force flowering and pod set during more favorable weather conditions (Heatherly et al.
1999). The conventional soybean production system (CSPS) utilized MG V, VI, and VII;
conversely the ESPS utilizes MG III, IV, and V. With this shift in MG comes a shift in
growth from determinate to indeterminate patterns. Indeterminate soybeans do not branch
as extensively nor show the overall vegetative growth of determinate patterns. However,
the early planting in the ESPS often subjects both soybean seed and seedlings to cool,
moist soils. The adverse conditions can lead to reduced seed germination and high
seedling disease incidence, resulting in poor stands and the need to replant. These
problems have led to increasing adoption of seed-applied fungicide treatments to reduce
the probability of a replant situation. Also, utilization of indeterminate soybean cultivars
means plants will not branch extensively as seen with conventional determinate cultivars.
The trade-off of branching for early maturity results in delay or even loss of canopy
closure. Exacerbating this canopy closure problem is shorter, less vegetative growth seen
by soybean planted in cool soils and in sub-optimum light conditions. Cool, wet soils
affect plant hormone relationships, and result in shorter stunted plants. Poor light quality
and short day length of early planting periods dictate the need for an efficient or lightinterception plant arrangement. Soybean also does not reach the overall growth on finetextured clay soils as seen on coarser soils. Another problem encountered with use of
ESPS is herbicidal injury. Preemergence (PRE) use of herbicides has decreased with the
ESPS consequently. Excessive rainfall promotes herbicide mobility and cool, wet
conditions following application of PRE herbicides hinder the soybean’s ability to
metabolize the herbicide, which is the primary mode of crop selectivity. Coupled with the
increased incidence of herbicidal injury in the ESPS is the misconception that the early
7

planting and competitive edge eliminates the need for a residual herbicide. Poston et al.
(2008) documented not only injury, but delays in growth and development for soybeans
injured with PRE herbicides by cool, wet conditions. Due to the problems associated with
PRE applications at planting in the ESPS, growth and development and subsequent
canopy closure are of utmost importance.
The ESPS results in less extensive vegetative growth, a reduced need for
mechanical weed control, and an increased need for maximum light interception.
Accordingly, row spacing on many hectares has narrowed. Seventy percent of
Mississippi Delta growers planted soybean using row spacing’s of 38 to 51 cm for some
hectares in 2000 (Zhang et al. 2001). Narrow rows generally utilize higher seeding rates.
Manipulation of inter- and intra-row spacing facilitates fast canopy closure and
distributes plants more evenly. Even distribution maximizes both light interception and
growth and development by eliminating competition between plants. The yield advantage
of narrow rows seems more evident with sufficient moisture (Taylor 1980).
Consequently, narrow row configurations work well in areas where early season soil
moisture is not a limiting factor. The moisture effect is likely due to the higher plant
populations seen in narrow row configurations (Heatherly et al. 1999). Greater plant
populations increase transpiration rates and water requirements (Reaicosky and Heatherly
1990). Because of that fact, narrow rows planted early are the best option for marginal
dryland ground, maximizing likelihood of profitability. Planting two rows (twin-row) on
one seedbed is increasing in popularity. Twin-row systems generally have two drills
spaced 20 to 25 cm apart on 76 to 102 cm row centers, allowing planting on beds at a row
spacing less than the bed width. For example, twin-rows spaced 20 cm apart on 96 cm
8

beds offers the equivalent narrow row light interception of single rows spaced 76 cm
apart. The configuration essentially allows narrow row spacing and its advantages
without losing advantages seen in wide row production such as ability to drive through
the crop and efficient furrow irrigation.
Humble beginnings at an average of 6.5 to 18 bushels per acre (bu/ac) in
Mississippi in the 1930’s and 40’s have now risen to a state average of 52 bu/ac in 2014
(NASS 2014) due to improved production practices. Such increase in production has in
turn raised the significance of the crop to the Mississippi and US economies. The value
that soybean production added to the economy in Mississippi in 2014 reached nearly $1.3
billion in sales according to the National Agricultural Statistics Service (2014). This
ranks it as the 3rd most valued commodity for the state, behind only poultry and forestry.
In 2015, soybeans were Mississippi’s top row crop commodity with 890,690 hectares
being planted and yields averaged 2,726-3,500 kg/ha. However, this can be misleading as
irrigated yields in the Mississippi Delta exceeded 4,900 kg/ha.
1.4

Mississippi Irrigation Practices
In Mississippi, approximately 70% of the annual rainfall occurs between the

months of September and April. This rainfall acts as the main source for replenishing soil
moisture in the rooting zone prior to the growing season. The other 30% of annual
rainfall happens in May, June, July and August, which is the time all major row crops are
produced. In Mississippi, over 80% of the row crops are produced in the Delta, and
approximately 65% of Delta farmland is irrigated. According to the United States Census
of Agriculture, 28% of Mississippi soybean hectares were irrigated in 2002, and
according to the YMD report of 2010, approximately 60% of the cotton, corn and
9

soybean acres, and 100% of the rice acreage in the Delta were irrigated. Soybeans
typically cover the largest amount of irrigated hectares (53%) and account for 40% of the
total water usage (Kebede et al. 2014).
Irrigation in the Mississippi Delta is inexpensive relative to other regions of the
United States. Profitability of irrigation in the region is primarily due to early planting
and reduced costs of surface irrigation. Irrigation has been widely implemented to
minimize yearly variation in soybean yields. In Mississippi, about 75% of irrigated
hectares is through furrow irrigation and the remaining area is irrigated by center pivot
(Kebede et al. 2014). Furrow irrigation is conducted by creating small parallel channels
along the field length in the direction of predominant slope. Water is applied to the top
end of each furrow and flows down the field under the influence of gravity. Water is
carried through polyethylene tubing and pumped by using either an electric or diesel
engine motor. The infiltrated depth at a given point will therefore be a function of
opportunity time, wetted perimeter, soil-intake characteristics and its variability along the
furrow will depend on the variability of these factors. Irrigation application effiency for
this method is approximately 30%-60% (Howell 2003; Pringle 2009) and water losses
commonly occur through deep percolation and tail-water runoff (Kebede et al. 2014).
Research has shown that furrow irrigation is not the most efficient method to
provide water to a field. However, with the current production system utilized in the MidSouth, furrow irrigation provides the best method to irrigate large areas in a short amount
of time. Soybean producers in Mississippi irrigate the third most hectares in the U.S.,
second only to Nebraska and Arkansas. In 2010, 33 cm of water on average were applied
to soybean fields with a total of 995,289 acre feet of water applied to the crop (MSPB
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bulletin). In 2015, out of the 890,690 hectares of soybeans planted, 56% were irrigated,
with the vast majority of those hectares located in the Mississippi Delta.
1.5

Irrigation Management Tools
Various tools and methods employed in other regions have been evaluated for use

in the Mississippi Delta to increase the efficiency of furrow irrigation as well as other
surface irrigation methods. Computerized hole-selection software is one tool that can
improve furrow irrigation efficiency. Pipe Hole and Universal Crown Evaluation Tool
(PHAUCET) or the Delta Plastic Pipe Planner (http://www.pipeplanner.com/) are two of
the most prominently used software programs. These programs utilize engineering
equations to calculate pipe pressure and flow rates for each watered furrow, and can
compute hole-size designs for various shaped fields. When done correctly, water reaches
the tail-ditch evenly across the field. Researchers in Louisiana, Arkansas and Mississippi
have shown that using computerized hole-selection reduces water, fuel and irrigation
usage by 20% in regular-shaped fields, and in irregular-shaped fields, could reduce water
use by 50% when compared to conventional irrigation methods (Massey 2011; Ray 2013;
Krutz 2013).
Another tool, surge irrigation, is the intermittent application of water to surface
irrigated furrows in a series of relatively short on and off time periods. Surge flow
irrigation (SURGE) is arranged by multiple lay-flat polyethylene tubing being connected
to a surge valve to allow the water to be transferred from differing runs. Each lay-flat
polyethylene tubing line waters different portions of the field. A surge valve utilizes a
programmable butterfly valve that switches the flow of water between two separate layflat polyethylene tubing lines. The intermittent application of water with surge irrigation
11

reduces infiltration and deep percolation losses, increases furrow advance time, decreases
total irrigation water applied and improves irrigation application efficiency (Goldhamer
et al. 1986; Israeli 1988; Musick et al. 1987; Eid et al. 1999; Testezlaf et al. 1987; Bishop
et al. 1981; Izuno et al. 1985).
Other measures to conserve water can be used, such as tail water recovery and
flow meters. Tail water recovery involves collecting water that runs off from surface
irrigated fields and reusing it for future irrigations, which improves overall irrigation
efficiency (Heatherly 2014). Also, flow meters can be attached to risers to measure the
amount and flow of water applied to fields, which can aid producers in saving water.
1.6

Irrigation Scheduling
The goal of irrigation scheduling is to determine the timing and the amount of

water to apply based upon the crop’s water needs, soil water storage capacity and
climatic conditions. In general, irrigation scheduling can be categorized as plant, soil, or
climate based or combination thereof (Martin 2009). The most common methods use
either daily crop evapotranspiration estimates as crop water use, or measurements of soil
moisture status, or a combination of these two, to determine when and how much
irrigation water needs to be applied (Harrison 2012; Wright 2002). Crop water use is the
amount of water given up to the atmosphere by transpiration through plant leaves and
evaporation from the soil and plant surfaces, referred to as evapotranspiration (ET)
(Andales et al. 2011). Daily crop water use changes throughout the growing season
depending on the stage of crop development and weather conditions. Climatic parameters
that have an effect on a crop’s daily water use include maximum and minimum
temperatures, solar radiation, humidity, and wind speed. Estimation of evapotranspiration
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for specific crops (ETc) is important for irrigation scheduling and agricultural water
management. When ETc exceeds the supply of water from soil and precipitation, an
irrigation event is required. Crop evapotranspiration for a specific crop can be estimated
by multiplying the reference evapotranspiration by a crop specific coefficient (Kc).
Reference evapotranspiration is an estimate of the amount of water lost from a theoretical
reference surface, typically a well-watered field of grass, and is a measure of the
evaporative power of the environment. Crop coefficient is an adjustment factor that
mainly depends on crop type and its growth stage. Using several years of weather data
and crop water use data, Kc can be estimated and a specific Kc curve can be developed
that shows the water requirement for a crop. However, developing Kc for a crop in the
Mississippi Delta and the humid mid-south has been difficult due to highly variable daily
evaporative demand (Fisher 2012).
1.7

Soil Moisture Sensors
Soil-based methods of irrigation scheduling utilize soil moisture sensors to

determine when an irrigation is required. The two groups of moisture sensors are soil
water tension-based sensors (granular matix and tensiometers), and soil water contentbased sensors (neutron probe, gravimetric, and capacitance) (Peters 2016). Soil moisture
sensor readings can be utilized to determine how much water is crop available, when to
initiate irrigation, and how much water to apply (Hanson et al. 2000). Sensors also show
depth of wetting, and the active root zone (Peters 2016). Irrigation is initiated when
sensors indicate that remaining soil moisture is low, and sensor based scheduling can be
used as a stand-alone method or in combination with the ET method (Ramos et al. 2011).
Soil moisture sensors in combination with computerized hole-selection programs and
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surge valves is recommended to be the most water use efficient surface irrigation practice
at present for Mississippi Delta producers (Powers 2007; Coblentz 2013).
1.8

Mississippi River Valley Alluvial Aquifer Decline
The Mississippi River Valley Alluvial Aquifer (MRVAA) underlies 32,000

square miles of Missouri, Kentucky, Tennessee, Louisiana, Arkansas, and Mississippi
and is the main source of groundwater in the irrigation of Mississippi Delta row crops.
Total thickness of the alluvial aquifer ranges from 50-150 ft, which provides a limited but
extensive amount of stored ground water. Withdrawal from the alluvial aquifer for
agriculture started in the early 1900’s in the Grand Prairie for irrigation of rice, and to a
lesser extent, soybeans. It was in 1927 that water-level declines in the alluvial aquifer
were first documented (Engler et al. 1963). Water use from MRVAA in Arkansas
County, located in east-central Arkansas, increased from 113 million gallons per day
(Mgal/d) in 1965 (Halberg and Stephens, 1966) to 560 Mgal/d in 2000 (T.W. Holland,
U.S. Geological Survey, written communication, 2002). Since the aquifer is characterized
by relatively large values of saturated thickness, specific yields, and hydraulic
conductivity, water-level declines during brief periods of heavy pumping can be
negligible. However, sustained heavy pumping from multiple wells for extensive periods
has led to substantial, widespread water-level declines. Declines of water levels have
resulted in unconfined conditions (some of the upper parts of the aquifer are now partially
air filled), reductions in hydraulic pressure, saturated thickness, stored water, and lateral
flow within the alluvial aquifer. In some areas, water levels have declined so much that
water cannot be pumped at the rates needed to support agriculture. Furthermore,
excessive dewatering of an aquifer can lead to irreversible compaction of the aquifer
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(subsidence), reducing its water-yielding capacity or ability to be recharged. Examples of
areas that have experienced substantial subsidence include the San Joaquin Valley in
California, and Houston, Texas (Galloway et al. 2000).
1.9

Justification for Research
The Mississippi River Valley alluvial aquifer supplies large volumes of water for

agriculture. Water production from the aquifer is limited, however, by the finite capacity
of water stored within it, and by the relatively small volume of recharge water being
added through time. Recharge rates are exceeded by ground-water pumping rates in many
areas, causing ground-water levels to decline. In a few areas, less than 50 ft of saturated
thickness of the alluvial aquifer remain. Yet, those areas will expand if current pumping
rates are maintained, resulting in lower water levels and possible compaction of the
aquifer. Ground water from MRVAA can be a sustainable resource if managed properly.
However, the rate at which ground water is being pumping cannot be sustained
indefinitely, as indicated by large water-level declines and extensive cones of depression.
Improved management practices need to be utilized to make MRVAA a sustainable
resource.
Objective 1- Determine the effect of surge irrigation on amount of water applied,
soybean grain yield, irrigation water use efficiency, and net return above irrigation costs
when implemented on clay-textured soils.
Objective 2- Determine if soybean grain yield, irrigation water use efficiency, and
net return above irrigation cost could be optimized using a static irrigation threshold or if
the irrigation threshold should be changed as a function of plant growth stage.
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Objective 3- Determine if soybean planting date and maturity group interact to
effect net returns above irrigation costs and irrigation water use efficiency.
Objective 4- Determine if soybean row spacing and plant population interact to
effect soybean grain yield, economic net return, and water use efficiency.
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CHAPTER II
SURGE IRRIGATION REDUCES IRRIGATION REQUIREMENTS FOR SOYBEAN
ON SMECTIC CLAY-TEXTURED SOILS
2.1

Abstract
The Mississippi River Valley Alluvial Aquifer is declining precipitously due to

irrigation withdrawal for row crop production. Currently, twenty-five percent of the
soybean (Glycine max L.) acres in the Mid-South are planted on clay-textured soils and
furrow irrigated using conventional continuous flow (CONV), the least efficient
irrigation delivery system. The objective of this research was to determine the effect of
surge irrigation (SURGE) on amount of water applied, soybean grain yield, irrigation
water use efficiency (IWUE), and net return above irrigation costs when implemented on
clay-textured soils. The research was conducted during the 2013 through 2015 growing
seasons in Stoneville, Mississippi and consisted of paired fields, with the same cultivar,
soil texture, planting date, and management practices used on both sites. Paired fields
were randomly assigned as SURGE or CONV. Water applied to each field was monitored
with flowmeters, and irrigations were initiated based on soil moisture sensor thresholds.
Relative to CONV, SURGE reduced the amount of water applied per irrigation event by
22%, and total water applied in-season by 24% (P ≤ 0.0349). Soybean grain yield
averaged 66 bu/acre and was not different between delivery systems (P = 0.7711), but
SURGE increased IWUE by 29% compared to CONV (P = 0.0076). Net return above
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irrigation cost was not different between CONV and SURGE, regardless of diesel price
or pumping depth (P ≥ 0.1149). Results from this research indicate that soybean
producers in the Mid-South and other regions that irrigate using lay-flat poly-ethylene
tubing can adopt SURGE for soybean on clay-textured soils without adversely affecting
yield or on-farm profitability, while concurrently decreasing the demand on depleted
groundwater resources.
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2.2

Introduction
The number of permitted agricultural wells and subsequent water withdrawals

from the Mississippi River Valley Alluvial Aquifer (MRVAA) have increased from
2,823 in 1987 to 19,410 in 2015, a 6.8 fold increase (Sam Mabry, Personal
Communication, 2017). In Arkansas County, Arkansas, withdrawals increased from 133
million gallons per day in 1965 to 581 million gallons per day in 2000, a 396% expansion
(Halberg and Stephens, 1966; USDA/NASS 2013). Agricultural withdrawal from
MRVAA exceeds the aquifer’s recharge rate, thereby causing a decline in groundwater
levels (Guzman et al. 2014). The Mississippi Department of Environmental Quality
(MDEQ) has responded to declining MRVAA levels by requiring withdrawal permits,
implementing maximum allowable permitted withdrawal values, and mandating that
prescribed irrigation water management (IWM) practices be implemented on permitted
wells.
Conventional continuous flow furrow irrigation (CONV) is the predominant
delivery system used for soybean grown on clay-textured soils across the Mid-South.
Practitioners of CONV utilize lay-flat polyethylene tubing which is attached to the well
or riser and then laid perpendicular to the furrows at the upper end of the field. Holes are
punctured in the tubing to facilitate the continuous flow of water down each furrow. The
method quickly moves water over large amounts of land, but application efficiency with
CONV is only 55% (Israeli 1988). Poor irrigation application efficiency with CONV on
clay-textured soils is attributed to deep percolation losses (infiltration exceeds irrigation
requirements), tail-water runoff (surface runoff from irrigation), and slow wetting front
advance time (Goldhamer et al. 1987; Varlev et al. 1995; Eid et al. 1999; Matter 2001).
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Currently, CONV irrigated soybean planted on clay-textured soils (2:1 shrink-swell
capacity) accounts for approximately 25% of the Mid-South’s irrigated acres (Heatherly
et al. 2002, USDA-NASS 2015). Improving irrigation application efficiencies on claytextured soils will reduce the amount of water withdrawn from MRVAA, which is
imperative if furrow irrigation in the Mid-South is to continue.
Surge irrigation (SURGE) is a technique that may improve furrow irrigation
application efficiency on clay textured soils. During SURGE water is applied
intermittently to furrows in a series of relatively short, on and off time periods (Bryant et
al. 2017). During the advance phase, water is cycled “on” and “off” to different portions
of the field such that the water front advances progressively down the furrow. During the
“off” cycle, water supplied to the first portion infiltrates into the soil profile while water
is being applied to the second portion of the field. Water applied during a following “on”
cycle advances rapidly across the wetted soil due to reduced infiltration rate. Once the
water has reached the end of the furrow, a soak phase is utilized to reduce runoff by using
shorter “on” cycles, allowing the field to be irrigated to the desired depth. The
intermittent application of water with SURGE on clay textured soils reduces infiltration
and deep percolation losses, increases furrow advance time, decreases total irrigation
water applied, and improves irrigation application efficiency (Goldhamer et al. 1986;
Israeli 1988; Musick et al. 1987; Eid et al. 1999; Testezlaf et al. 1987; Bishop et al. 1981;
Izuno et al. 1985). Surge flow irrigation has not been evaluated on clay textured soils in
the Mid-South. The objective of this research was to determine the effect of SURGE on
the amount of irrigation water applied, soybean grain yield, irrigation water use
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efficiency (IWUE), and net return above irrigation cost when implemented on clay
textured soils.
2.3
2.3.1

Materials and Methods
Site Description and Experimental Design
The study was conducted at the Delta Research and Extension Center in

Stoneville, Mississippi on Sharkey Clay (very-fine, smectitic, thermic Chromic
Epiaquerts) during the 2013 through 2015 growing seasons. Experimental design was a
randomized complete block with two treatments and six blocks. Blocks consisted of two
fields in three years, for a total of six fields each containing both treatments. The Sharkey
series consists of very deep, poorly and very poorly drained, very slowly permeable soils
that formed in clayey alluvium with a maximum rooting depth of 4 ft (Soil Survey Staff,
2017). The research consisted of paired fields, with the same cultivar, planting date, and
management practices in each field. All paired fields were planted at 140,000 seed acre-1
on 40-inch raised seed beds. Paired fields were randomly assigned with one being CONV
and the other as SURGE (Table 1). All fields were managed for weed and insect pests
according to Mississippi State University Extension Service recommendations.
2.3.2

Computerized hole selection and Surge flow irrigation
Lay-flat poly-ethylene tubing (Delta Plastics, Little Rock, AR) was utilized for

the experiment. For fields 1 in 2013 and 2014, 15-inch by 9-mils lay-flat poly-ethylene
tubing was used. For all other year and field combinations, 12-inch by 9-mils lay-flat
poly-ethylene tubing was evaluated. Computerized hole selection was used on both
CONV and SURGE fields (Kebede et al., 2014). Input parameters for computerized hole
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selection include accurate elevation of the crown profile, that is, the location where layflat poly-ethylene tubing will be installed, accurate water output (gpm), furrow spacing
(ft), furrow length (ft), diameter of lay-flat poly-ethylene tubing, furrow flow rate (gpm)
required for soil to be effectively irrigated, and wall thickness (mils) and allowable
pressure (ft. of head) of selected lay-flat poly-ethylene tubing (Kebede et al., 2014). Flow
rate at the field inlet was determined with a McCrometer flow tube with attached
McPropeller bolt-on saddle flowmeter (McCrometer Inc., Hemet, California). Crown
elevation was measured every 100 ft with a Topcon® self-leveling slope matching rotary
laser level (Topcon Positioning Systems Inc., Livermore, CA), while furrow and distance
along the irrigation pipeline were determined from aerial imagery. Furrow spacing was
determined as the width between planted rows. Computerized hole selection was
calculated with the Pipe Hole And Universal Crown Evaluation Tool (PHAUCET)
version 8.2.20 (USDA-NRCS, Washington, DC). Surge flow irrigation was applied with
a P&R STAR surge valve (P&R Surge Systems, Inc., Lubbock, TX). Four advance
phases were utilized and soak cycles were eliminated. This was done due to the soil being
a 2:1 cracking clay soil and the desired irrigation application amount was achieved by the
completion of the advance cycles.
2.3.3

Irrigation Scheduling
Irrigation was applied when the average soil water potential in the 0- to- 24-inch

rooting depth was between -75 and -100 cbar as measured by Watermark Model 200SS
soil water potential sensors (Irrometer Company Inc., Riverside, CA), installed at 6, 12,
and 24-inch depths. Irrigation events were considered complete when water reached the
end of 90% of the furrows. Irrigation was terminated at the R6.5 growth stage as
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recommended by the Mississippi State University Extension Service. Treatments were
mechanically harvested at physiological maturity and yields determined with a calibrated
yield monitor (Ag Leader Technology, Ames, Iowa). Irrigation water use efficiency was
calculated as described by Vories et al. (2005):
𝐼𝑊𝑈𝐸 =

𝑌
𝐼𝑊𝐴

where IWUE is irrigation water use efficiency (bu/acre-inch), Y is soybean grain
yield (bu/acre), and IWA is irrigation water applied (acre-inch).
2.3.4

Economic Analysis
The model used to estimate irrigation costs in this research incorporates irrigation

enterprise budgets developed utilizing the Mississippi State University Budget Generator
for CONV and SURGE technologies at four different well depths: a stationary relift
system for surface water with 18 ft maximum vertical pipe, “standard” well of 140 ft,
“deep” well of 200 ft, and “SPARTA” well of 400 ft. As reported by Bryant et al. (2001)
and Vories et al. (2005), the standard and deep wells refer to the alluvial aquifer found
throughout the Mid-South, while the 400 ft well is representative of wells in the Sparta
aquifer, which underlies the MRVAA. The model develops estimates of total receipts,
total direct expenses, total fixed expenses, total specified expenses and net returns above
total specified expenses on a per acre basis. The cost estimates are adjusted on an annual
basis for the 2013, 2014 and 2015 crop years for changes in variable input costs other
than diesel prices. Diesel costs are estimated for each observation based on the amount of
water pumped at a baseline diesel cost of $2.83 per gallon, the average price used in
developing MSU budgets for the 2013, 2014 and 2015 crop years (Mississippi State
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University). Soybean prices are held constant across all scenarios at $11.11 per bushel,
the average price reported by USDA at Greenville, Mississippi for the August, September
and October harvest time period for the 2013, 2014 and 2015 crop years (Mississippi
Department of Agriculture-USDA Market News). To test the sensitivity of both
technologies to differences in the major variable costs associated with pumping, a high
diesel price and a low diesel price were evaluated. Prices for the scenarios were taken
from the USDA Prices Paid Survey for the 2006-2015 timeframe for the Delta States
region. The maximum annual average reported diesel price for the 2006-2015 timeframe
of $3.70 per gallon is used in the high diesel price scenario and the lowest price of $1.60
per gallon is used in the low diesel price scenario.
Assumptions related to equipment utilized in each enterprise budget are reported
in Table 2. The values for purchase price and fuel consumption are based on personal
communications with Mississippi Delta region irrigation equipment input and service
providers. The RELIFT alternative utilizes a 75 hp tractor as a power unit, with all other
alternatives using a 100 hp stationary diesel engine for power. Irrigation water is assumed
to be supplied at 2600 gallons per minute (gpm) for the RELIFT alternatives, 2000 gpm
for the 140 ft Standard Depth well alternative, 1800 gpm for the 200 ft well alternative
and 1250 gpm for the 400 ft well alternative.
2.3.5

Statistical Analysis
Using a general linear mixed model (Statistical Analytical System Release 9.4;

SAS Institute Inc., Cary, North Carolina), a preliminary analysis was performed to
evaluate the year and field interactions with treatment as an error term. Year, field(year),
and year*irrigation method were random effects with residual measuring field*irrigation
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method within year. Based on 95% confidence interval about year*irrigation method
covariance estimate, this affect was combined with residual error for final analysis of
variance. For total irrigation water applied, soybean grain yield, IWUE, and net return
above irrigation costs, year and field(year) served as random effects. For irrigation water
applied per event, there were up to three events for each irrigation method. Analysis of
variance was conducted for irrigation water applied per event as repeated measures with
field*year*irrigation method as a subunit. Degrees of freedom were estimated using the
Kenward-Roger method. Means were separated using the LSMEANS statement.
Differences were considered significant for α=0.05.
2.4
2.4.1

Results and Discussion
Irrigation Water Applied
Surge flow irrigation had a significant effect on irrigation water applied per event

and total irrigation applied in-season (P ≤ 0.0349). Water applied per SURGE event and
total water applied with SURGE in-season was reduced by 22% and 24%, respectively,
as compared to CONV (Table 3). Others reported that SURGE on clay textured soils
reduced total irrigation water use 31% to 80% (Izuno et al., 1985; Testezlaf et al., 1987;
Musick et al., 1987; Rodriguez et al., 2004). Additionally, linear regression analysis
indicated that 98% of the variability in the percent reduction in irrigation water applied
by SURGE was a function of furrow length (Figure 1). Water savings with SURGE
compared to CONV increased by 2% per 100 ft as row length increased from 540 ft to
1800 ft. Advantages of SURGE extend beyond reduced irrigation water use in soybean
on clay textured soils. At the farm scale, improved irrigation application efficiency
provided by SURGE on clay textured soils reduces the time required for a well to be
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committed to an irrigation set. Surge irrigation improves on-farm irrigation capacity,
thereby allowing additional acres to be irrigated by a single well in a more timely
manner. Improved timeliness of irrigation reduces the potential for yield loss associated
with drought stress. Additionally, water savings attributed to SURGE are scalable and
have regional implications. The overdraft on the MRVAA in the Delta region of
Mississippi is 300,000 acre-ft/yr (Wax et al. 2009). These data suggest that 25% of the
agricultural overdraft in the Delta of Mississippi will be eliminated if SURGE is
implemented on CONV soybean grown on clay textured soils.
2.4.2

Soybean Grain Yield and Irrigation Water Use Efficiency
The principal hypothesis of this research was that SURGE will have no adverse

effect on soybean grain yield, but that the technique will improve irrigation application
efficiency, and subsequently, IWUE. Pooled over site years, soybean grain yield
averaged 66 bu/acre and was not different between SURGE and CONV (P=0.7711, Table
3). As theorized, SURGE improved IWUE 29% relative to CONV (P = 0.0076; Table 3).
Others noted that on clay textured soils, grain yields were either not affected by SURGE
or were reduced up to 12% (Onder 1994; Kanber et al. 2001; Goldhamer et al. 1987;
Musick et al. 1987). Many researchers, however, report that SURGE on clay textured
soils increased IWUE up to 19% relative to the control (Izuno and Podmore 1986; Unlu
et al. 2007; Okasha et al. 2013). These data indicate that SURGE will improve IWUE on
clay textured soils throughout the Mid-South, while maintaining soybean grain yield
equivalent to that of CONV.
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2.4.3

Economic Return
The estimated irrigation costs per acre calculated at the average acre inches of

water pumped at the baseline diesel price of $2.83 per gallon for the CONV (6.25 acreinches) and SURGE (4.75 acre-inches) technologies are reported in Table 4. The higher
values for the “Other Direct” under SURGE are attributed to the extra cost associated
with transfer pipe and surge valve batteries. The higher values for the “Total Fixed”
values for SURGE are attributed to the capital recovery cost for the surge valves and
elbows. As would be expected, the advantage of CONV in lower total specified cost
declines as the depth that water is being lifted increases. A premise of this research was
that water savings afforded by SURGE would compensate for the additional costs
required to implement the technology, regardless of fuel price or pumping depth.
Estimated least square means for net returns above total specified irrigation costs for
CONV and SURGE at the baseline soybean price of $11.11 per bushel and baseline
diesel price of $2.83 per gallon, high diesel price of $3.70 per gallon, and low diesel price
of $1.60 per gallon, are reported in Tables 5, 6, and 7, respectively. As theorized,
regardless of diesel fuel cost or pumping depth, net returns above irrigation costs were
not different between CONV and SURGE (P ≥ 0.1149). These data confirm that the
additional costs associated with the purchase of surge valves, elbows, transfer pipe, and
batteries are offset by reduced water use, regardless of the pumping depth or diesel cost.
These results indicate that producers may profitably adopt SURGE irrigation of soybean
grown on Sharkey clay soil, a dominant soil in the Mississippi Delta.
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2.4.4

Conclusion
The objective of this research was to determine the effect of SURGE on the

amount of irrigation water applied, soybean grain yield, IWUE, and net return above
irrigation cost on clay textured soils. Surge flow irrigation on clay textured soils will have
no adverse effect on soybean grain yield, but this technique will reduce irrigation water
applied and the time required to irrigate a given site. Moreover, these data confirm that
the water savings recouped by SURGE will compensate for the increased capital
investment required for this irrigation strategy. In essence, SURGE on clay textured soils
can be adopted by Mid-South producers without adversely affecting yield or on-farm
profitability, while concurrently easing the region’s groundwater shortage problems.
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Table 2.1

Useful conversions.

To convert Column 1
to Column 2, multiply
by
3.8
2.54
0.405

Column 1
Suggested Unit

Column 2
SI Unit

gallons per minute, gpm
inch
acre, ac

10.2616

Acre-inch, ac-in

67.25

Bushels/acre, bu/acre
Bushels/acre-inch,
bu/acre-in

liters per minute, lpm
centimeter, cm
hectare, ha
Hectare-millimeter,
ha/mm
Kilograms/hectare, kg/ha
Kilograms/hectaremillimeter, kg/ha-mm

6.535

Table 2.2

Fields used in the research located at the Delta Research and Extension
Center in Stoneville, Mississippi, comparing surge flow irrigation
(SURGE) with conventional flow irrigation (CONV) of soybean grown
on clay textured soils during the 2013 through 2015 growing seasons.
Field Size (acre)
Irrigation
Method

Year Field

Variety
HBK
LL4850
HBK
LL4850

2013

1

2013

2

2014

1

Halo 4:65

2014

2

P 45T77

2015

1

2015

2

HBK
LL4950
HBK
LL4950

Tillage
Practice
Fall/Reduced
Till
Fall/Reduced
Till
Fall/Reduced
Till
Fall/Reduced
Till
Fall/Reduced
Till
Fall/Reduced
Till

Previous
Crop

Max
Furrow
Length
(ft)

Soybean

540

18.0

18.0

Rice

900

15.0

15.0

Soybean

540

14.2

14.2

Rice

1,600

7.8

6.7

Rice

1,600

6.3

7.6

Rice

1,800

4.5

9.0
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CONV SURGE

37

450
21,113
20,000
6,670
20,250
25,150
43,150

Each
Each
Each
Each
Each
Each

Acre
Each
Each
Each

Land Forming
Surge Valve–10”
Pipe Elbows
Soil Moisture Sensors
Irrometer Datalogger
(Package)
RELIFT Tractor-75 Hp
Engine-100 Hp
RELIFT Pump
Well and Pump-140 ft
Well and Pump-200 ft
Well and Pump-400 ft

Purchase Price
(Dollars)
450
3,483
127
39

Each

Unit of Measure

10
20
25
25
25
25

10

25
10
20
3

Useful Life (Years)

3.86
3.6
N/A
N/A
N/A
N/A

N/A

N/A
N/A
N/A
N/A

Fuel Use (gallons/hour)

Estimated purchase price, annual use, useful life and fuel consumption rate for fixed items used in irrigation cost
calculations.

Item Name

Table 2.3

Table 2.4

Irrigation water applied per event, total irrigation water applied in
season, soybean grain yield, and irrigation water use efficiency results
from research comparing surge flow irrigation (SURGE) with
conventional flow irrigation (CONV) of soybean on clay textured soils at
Stoneville, Mississippi during the 2013 through 2015 growing seasons.

Parameter
Irrigation Water Applied per event (acre-inch)
Irrigation Water Applied in Season (acre-inch)
Soybean Grain Yield (bu/acre)
Irrigation Water Use Efficiency (bu/acre-inch)
[a]
Standard Deviation
Table 2.5

Least Square Mean Value
Irrigation Method
CONV
SURGE
P value
a
3.98 (0.21)
3.11 (0.16) 0.0285
6.25 (1.36)
4.75 (1.14) 0.0349
66.3 (1.02)
66.2 (1.16) 0.7711
14.0 (3.31)
18.0 (3.85) 0.0076

Estimated irrigation costs per acre by system for conventional continuous
flow irrigation (CONV) and surge flow irrigation (SURGE) at average
quantities of water pumped and baseline diesel prices.

Estimated Costs per Acre for CONV Technology for 6.25 acre-inches water and
$2.83/gallon diesel price.
Other
Total
Total
Total
Water lift depth Diesel
Direct
Direct
Fixed
Specified
18 ft
13.65
21.55
35.20
54.98
90.18
140 ft
16.24
21.76
38.00
59.22
97.22
200 ft
17.75
22.52
40.27
61.41
101.68
400 ft
24.76
25.39
50.15
69.46
119.61
Estimated Costs per Acre for SURGE Technology for 4.75 acre-inches water and
$2.83/gallon diesel price.
Other
Total
Total
Total
Water lift depth Diesel
Direct
Direct
Fixed
Specified
18 ft
10.81
24.30
35.11
59.86
94.97
140 ft
12.78
24.51
37.29
64.10
101.39
200 ft
13.92
25.27
39.19
66.29
105.48
400 ft
19.25
28.14
47.39
74.34
121.73
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Table 2.6

Estimated Least Square Means for net returns above irrigation costs at
baseline soybean price of $11.11 per bushel and baseline diesel price of
$2.83 per gallon for continuous flow irrigation (CONV) and surge flow
irrigation (SURGE) when water is lifted from four well depths: 18 ft, 140
ft, 200 ft, and 400 ft.

Water lift depth
18 ft
140 ft
200 ft
400 ft
[a]
Standard Deviation
Table 2.7

P value
0.2063
0.2810
0.3481
0.7544

Estimated least square means for net returns above irrigation costs at
baseline soybean price of $11.11 per bushel and high diesel price of
$3.70 per gallon for continuous flow irrigation (CONV) and surge flow
irrigation (SURGE) when water is lifted from four well depths: 18 ft,
140 ft, ft, and 400 ft.

Water lift depth
18 ft
140 ft
200 ft
400 ft
[a]

CONV
SURGE
--------------$/acre-------------649.34 (17.93)a
644.89 (17.17)
642.33 (17.21)
638.54 (18.03)
638.13 (18.11)
634.82 (17.87)
621.15 (18.04)
619.98 (18.56)

CONV
SURGE
--------------$/acre-------------645.15
641.57
a
(18.05)
(18.91)
637.39
634.66
(17.86)
(18.21)
632.69
630.56
(18.32)
(18.87)
613.52
614.05
(17.89)
(18.97)

Standard Deviation
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P value
0.3091
0.4421
0.5549
0.8985

Table 2.8

Estimated least square means for net returns above irrigation costs at
baseline soybean price of $11.11 per bushel and low diesel price of $1.60
per gallon for continuous flow irrigation (CONV) and surge flow
irrigation (SURGE) when water is lifted from four well depths: 18 ft,
140 ft, 200 ft, and 400 ft.

Water lift depth
18 ft
140 ft
200 ft
400 ft
[a]

CONV
SURGE
--------------$/acre-------------655.26
649.58
a
(17.81)
(17.23)
649.44
644.13
(18.19)
(17.85)
645.87
640.89
(17.89)
(17.03)
631.88
628.32
(18.12)
(18.96)

Standard Deviation
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P value
0.1149
0.1370
0.1605
0.3117

CHAPTER III
MAXIMIZING SOYBEAN GRAIN YIELD, IRRIGATION WATER USE
EFFICIENCY, AND NET RETURN ABOVE IRRIGATION COST WITH A STATIC,
SENSOR-BASED IRRIGATION THRESHOLD
3.1

Abstract
The Mississippi River Valley Alluvial Aquifer (MRVAA) is declining

precipitously due to irrigation withdrawal for row-crops. The development of scientific
irrigation scheduling techniques for soybean (Glycine max L.) will reduce withdrawal
from the MRVAA. The objective of this research was to determine if soybean grain yield,
irrigation water use efficiency (IWUE), and net return above irrigation cost could be
optimized using a static irrigation threshold or if the irrigation threshold should be
changed as a function of plant growth stage. Treatments were arranged as a split-plot
within a randomized complete block design with four replications of each treatment on a
Dundee silty clay loam from 2015 through 2017. The whole plot factor was growth stage
(VN to R2, R3 to R4, R5 to R6.5), and the sub-plot factor was irrigation threshold (-50, 85 and -125 kPa). A non-irrigated and season-long, static irrigation thresholds (-50 and 85 kPa) were included as controls. For the dynamic threshold, growth stage and irrigation
threshold interacted to effect yield (P = 0.0012) and net return above irrigation cost (P =
0.0412) but not IWUE (P = 0.2696). Specifically, yield and net returns were reduced up
to 10% when the dynamic threshold was set at -125 kPa during pod fill. Season-long,
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static thresholds affected yield (P ≤ 0.0001), IWUE (P ≤ 0.0001), but not net return above
irrigation cost (P = 0.0537). Static irrigation thresholds yielded 13% greater than nonirrigated, but static irrigation thresholds were not different from one another. Irrigation
water use efficiency for the static -85 kPa threshold was 2.6-fold greater than the static 50 kPa. Furthermore, in a contrast analysis comparing the season-long, static -85 kPa
threshold to the dynamic R5-R6.5 growth stage -50 kPa threshold, yield and net returns
were equivalent, however, the season-long, static -85 kPa threshold possessed superior
IWUE. These data indicate soybean grain yield, IWUE, and net returns above irrigation
cost are optimized with a static irrigation threshold of -85 kPa.
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3.2

Introduction
In the Mid-South, the majority of planted soybean (Glycine max L.) hectares are

furrow-irrigated, and the primary irrigation source is the Mississippi River Valley
Alluvial Aquifer (MRVAA) (Bryant et al. 2017; Massey et al. 2017). Agricultural
withdrawal exceeds the MRVAA’s recharge by a rate of 370 million cubic meters of
water per year (Wax et al. 2009; Guzman et al. 2014). Nationally, Mississippi ranks
eighth in terms of irrigated cropland area (USDA NASS 2013), and soybean accounts for
the largest amount of irrigation water applied to row crops in the state (Massey et al.
2017). From 2002-2013, average season-long irrigation water applied to soybean in
Mississippi was 2,800 m3 ha-1, and irrigation rates increased circa 200 m3 ha-1 y-1 (Massey
et al. 2017). With approximately 534,000 irrigated soybean hectares in the Mississippi
Delta, there is critical need for improving irrigation water use efficiency (IWUE).
Currently, the majority of irrigated hectares in the Delta region of Arkansas and
Mississippi are planted to maturity group (MG) IV soybean and furrow irrigated using a
conventional continuous flow delivery system (Bryant et al. 2017). Depending on soil
texture, local producers base irrigations upon a 7 to 10 day calendar schedule, initiating
during early reproductive growth and terminating near physiological maturity (Personal
communication Trent Irby). To optimize Mississippi Delta production practices, the
impact that soil moisture sensor based irrigation scheduling has on IWUE and net returns
above irrigation costs should be evaluated.
Nationally, less than 15% of producers use scientific tools, such as daily crop
evapotranspiration (ET) or soil moisture sensors, to schedule irrigations. As of 2013, 47%
of producers scheduled irrigations based upon the condition of the crop (visual), 24%
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according to the feel of the soil, 9.6% utilized daily crop evapotranspiration (ET), and
only 4.6% irrigated based upon a soil moisture sensing device (USDA-NASS, 2013).
Even in regions where severe water shortages occur, the adoption of scientific irrigation
scheduling tools is less than 2% (Frisvold and Deva 2012). However, implementation of
soil moisture sensors has increased in Mississippi since 2008, with 31% of producers
utilizing soil moisture sensors in their irrigated fields (Mississippi Soybean Promotion
Board 2017).
Soil moisture sensors enable producers to optimize irrigation timing, application
efficiency, yield and IWUE. Specifically, soil moisture sensors determine soil moisture
content in the active rooting zone, when to initiate irrigation events, irrigation application
volumes, and depth of wetting fronts (Hanson et al. 2000). Several studies have reported
that use of soil moisture sensors have increased yield of summer crops in average
climatic years 13-40% (Josipović et al. 2011; Marković et al. 2012; Marković 2013). In
Mississippi, irrigation water applied to soybean managed with a scheduling tool was
reduced by 50% as compared to when an irrigation scheduling tool was not utilized
(Krutz et al. 2014) and IWUE increased 36% when IWM practices were utilized (Bryant
et al. 2017).
Soybean grain yield is affected by the timing and duration of water stress. At any
soybean growth stage, drought stress can reduce yield (Yazar et al. 1989); however, yield
loss due to drought stress is likely more severe during the reproductive growth stages
(Doorenbus and Kassam 1979; Constable and Hearn 1980; Meckel et al. 1984; Foroud et
al. 1993). There is insufficient research to determine if specific reproductive growth
stages are more sensitive to drought stress than others, and there is a paucity of data
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indicating at what specific kPa threshold does yield loss occur. The objective of this
research was to determine if soybean grain yield, IWUE, and net return above irrigation
cost could be optimized using a static irrigation threshold or if the irrigation threshold
should be changed as a function of plant growth stage.
3.3
3.3.1

Materials and Methods
Site Description and Experimental Design
Research was conducted at the Delta Research and Extension Center, Stoneville,

Mississippi from 2015 through 2017 on a Dundee silty clay loam (Fine-silty, mixed,
active, thermic Typic Endoaqualfs). Monsanto AG4632 was planted at a depth of 3-cm at
345,800 seeds ha-1 into 1.04-m wide raised beds with a John Deere Maxemerge planter.
Experimental units were 31.25-m long by 4.16-m wide. Treatments were in a split-plot
arrangement within a randomized complete block design with four replications. The
whole-plot was soybean growth stage (VN-R2, R3-R4, R5-R6.5), and the sub-plot was
irrigation threshold (-50, -85 and -125 kPa). Three controls were included for
comparison: non-irrigated, and season-long, static -50 and -85 kPa thresholds.
3.3.2

Sensor Based Scheduling
Irrigation was applied when the weighted average of the soil water potential in the

0- to- 61-cm rooting depth reached treatment threshold as measured by Watermark Model
200SS soil water potential sensors (Irrometer Company Inc., Riverside, CA), installed at
15, 30, and 61-cm depths within one replication. For season-long, static treatments,
irrigation thresholds were -50 and -85 kPa. For dynamic thresholds, treatments were
irrigated based upon their specific growth stage and kPa threshold (Table 1). Irrigation
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was terminated at the R6.5 growth stage as recommended by the Mississippi State
University Extension Service.
3.3.3

Irrigation Delivery
Plots were furrow irrigated, in which water was pumped through 30.5-cm

diameter lay-flat poly-ethylene tubing (Delta Plastics, Little Rock, AR) laid perpendicular
to the soybean rows. Computerized hole selection was calculated with the Pipe Hole And
Universal Crown Evaluation Tool (PHAUCET) version 8.2.20 (USDA-NRCS,
Washington, DC). Input parameters for computerized hole selection were implemented as
described by Bryant et al. (2017). Flow rate at the field inlet was determined with a
McCrometer flow tube with attached McPropeller bolt-on saddle flowmeter (McCrometer
Inc., Hemet, California). During each irrigation event, 24.7-cm ha-1 of water was applied
at 11.3 L min-1 furrow-1. Agronomic practices outside of irrigation scheduling were
conducted according to Mississippi State University Extension Service recommendations
for regional producers.
3.3.4

Sample Parameters
The center two rows of each plot were mechanically harvested at physiological

maturity and yields determined with a calibrated yield monitor (Ag Leader Technology,
Ames, Iowa). Irrigation water use efficiency was calculated as described by Vories et al.
(2005):
𝐼𝑊𝑈𝐸 =

𝑌
𝐼𝑊𝐴

where IWUE is irrigation water use efficiency (kg/ha-mm), Y is soybean grain
yield (kg/ha), and IWA is irrigation water applied (ha-mm). One-meter sections were
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harvested from each plot to determine plant height as well as number of main-stem nodes
and pods per plant at physiological maturity.
3.3.5

Economic Analysis
The model used to estimate irrigation costs in this research incorporates irrigation

enterprise budgets developed utilizing the Mississippi State University Budget Generator.
The model develops estimates of total receipts, total direct expenses, total fixed expenses,
total specified expenses and net returns above total specified expenses on a per hectare
basis. The cost estimates are adjusted on an annual basis for the 2015, 2016 and 2017
crop years for changes in variable input costs other than diesel prices. Soybean prices are
held constant at $10.00 per bushel. Assumptions related to equipment utilized in each
enterprise budget are reported in Table 2. The values for purchase price and fuel
consumption are based on personal communications with Mississippi Delta region
irrigation equipment input and service providers.
3.3.6

Statistical Analysis
Season-long, static kPa thresholds were analyzed separately from the dynamic

kPa thresholds. All data were subjected to Analysis of Variance using the GLIMMIX
procedure of SAS (Statistical Analytical System Release 9.4; SAS Institute Inc., Cary,
North Carolina). An initial analysis was conducted with year, growth stage, and kPa
threshold serving as fixed effects and replication within year, replication by growth stage
within year, and growth stage within year and kPa threshold serving as random terms. For
soybean grain yield, total irrigation water applied, IWUE, and net return above irrigation
cost, the F-values were small compared to the growth stage by kPa threshold interactions.
47

Therefore, a second analysis was conducted with year serving as a component of error. In
the second analysis, growth stage and kPa threshold served as fixed effects and year,
replication within year, year by growth stage, replication by growth stage within year,
year by kPa threshold within growth stage, and growth stage within year by kPa threshold
served as random terms. Degrees of freedom were estimated using the Kenward-Roger
method. Means were separated using the LSMEANS statement. A contrast statement was
used to compare the optimum dynamic kPa threshold treatment to the optimum seasonlong, static kPa threshold treatment to determine differences in net returns above
irrigation costs and IWUE. Differences were considered significant for α=0.05.
3.4
3.4.1

Results
Seasonal Rainfall Amounts
Seasonal rainfall varied by year during the study as compared to the 10 year

average rainfall (YAR) amounts (Table 3). The 2015 growing season was characterized
as hot and dry and had 13.5%, 22.1%, and 73.7% less rainfall during the months of June,
July, and August, respectively, as compared to the 10 YAR. These conditions resulted in
water deficits during critical reproductive growth stages of soybean planted during an
early planting date and the frequency of irrigation requirements reflect this (Table 4). In
contrast, the 2016 and 2017 growing seasons received greater amounts of rainfall than the
10 YAR, with the months of June, July, and August averaging 112%, 32.5%, and 188%
more rainfall, respectively, across both years.
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3.4.2

Dynamic Threshold Soybean Grain Yield and IWUE
For soybean grain yield, there was a growth stage by kPa threshold interaction (P

= 0.0012), while for IWUE neither main effects nor interactions were significant (P =
0.2696) (Table 5). For soybean grain yield, the interaction occurred at the R5-R6.5
growth stage. During pod fill, a -125 kPa threshold reduced yield 7.2% compared to the 85 kPa threshold.
3.4.3

Dynamic Threshold Net Returns Above Irrigation Costs
Growth stage and kPa threshold interacted to affect net returns above irrigation

costs (P = 0.0412) (Table 5). The interaction occurred at the R5-R6.5 growth stage, when
a -125 kPa threshold reduced net returns 6.6% compared to the -50 kPa threshold.
3.4.4

Dynamic Threshold 1-m Harvest Samples
Growth stage and kPa threshold interacted to affect plant height (P ≤ 0.0001),

total number of nodes (P ≤ 0.0001), and pods per plant (P = 0.0059) (Table 6). For plant
height, the interactions occurred at the VN-R2 and R3-R4 growth stages. Plant heights
were 14.1% greater for the -50 kPa threshold than the -125 kPa threshold at the VN-R2
growth stage. At the R3-R4 growth stage, the -50 kPa threshold had 4.6% and 7.6% taller
plants than the -85 and -125 kPa thresholds, respectively.
Total number of nodes was different among kPa thresholds within all growth
stages. For the VN-R2 growth stage, plants in the -50 kPa threshold had 9.1% more nodes
than the -85 and -125 kPa thresholds. Within the R3-R4 growth stage, soybean plants in
the -85 and -125 kPa thresholds resulted 11.9% more nodes as compared to the -50 kPa
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threshold. Within the R5-R6.5 growth stage, the -85 kPa threshold had 10.9% more nodes
than the -125 kPa threshold, and the -50 kPa threshold was not different from either.
For pods per plant, the interactions occurred at R3-R4 and R5-R6.5 growth stages.
At the R3-R4 growth stage, the -50 kPa threshold had 10.0% and 22.4% less pods per
plant than the -85 and -125 kPa thresholds, respectively. Within the R5-R6.5 growth
stage, the -50 kPa threshold had 14.4% more pods per plant than the -125 kPa threshold.
3.4.5

Season-long, Static kPa Threshold Soybean Grain Yield, IWUE, and Net
Returns Above Irrigation Costs
Kilopascal threshold affected soybean grain yield, and IWUE (P ≤ 0.0001);

however, kPa threshold did not affect net returns above irrigation costs (P = 0.0537)
(Table 7). Soybean grain yield was 11.6% greater for irrigated than non-irrigated
treatments, yet, IWUE for the -50 kPa threshold was 2.9-fold less than the -85 kPa
threshold.
3.4.6

Season-long, Static KPa Threshold 1-m Harvest Samples
Kilopascal threshold affected plant height (P = 0.0002), total number of nodes (P

≤ 0.0001), and pods per plant (P = 0.0054) (Table 8). For plant height, the -50 kPa
threshold was 4.3% taller than the -85 kPa threshold. Total number of nodes and pods per
plant were 19.7% and 9.0% less, respectively, for the -50 kPa threshold as compared to
the -85 kPa threshold.
3.4.7

Contrast Analysis of Optimum Dynamic and Season-long, Static
Thresholds
For soybean grain yield, net returns above irrigation costs, and IWUE, an analysis

was conducted to contrast the dynamic threshold R5-R6.5 growth stage -50 kPa treatment
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to the season-long, static -85 kPa threshold treatment. Soybean grain yield (P = 0.1402)
and net returns above irrigation costs (P = 0.7891) were not different between the
dynamic threshold and the season-long, static threshold. The IWUE (P = 0.0003) for the
season-long, static -85 kPa threshold was 15.6-fold greater than that of the dynamic R5R6.5 growth stage -50 kPa threshold.
3.5

Discussion
The objective of this research was to determine if soybean grain yield, net returns

above irrigation costs, and IWUE are optimized using a static irrigation threshold or if the
irrigation threshold should be changed as a function of plant growth stage. Our data
indicate that soybean grain yield, net returns above irrigation costs, and IWUE are
optimized using a season-long, static -85 kPa threshold. Conversely, producers in the
Mid-Southern United States autonomously adopted the practice of initiating irrigation
during early reproductive growth stages to hasten canopy development, increasing the
number of nodes, and, theoretically, increase yield.
We theorized that soybean grain yield, net returns above irrigation costs, IWUE,
and canopy development would be optimized by reducing the threshold to -50 kPa at
specific plant growth stages. Relative to the season-long, static -85 kPa threshold,
reducing the threshold to -50 kPa did increase total number of nodes, but did not affect
soybean grain yield or net returns above irrigation costs at any growth stage. However,
reducing the threshold to -50 kPa decreased the IWUE by at least 6.7-fold relative to the
season-long, static -85 kPa threshold.
Another hypothesis was that increasing thresholds to -125 kPa at specific growth
stages would improve IWUE while maintaining net returns above irrigation costs. When
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the threshold went to -125 kPa during pod fill, yield and net returns decreased relative to
the season-long, static -85 kPa threshold, which is consistent with the literature (Specht et
al. 1989; Westgate and Peterson 1993; Foroud et al. 1993; Stegman et al. 1990). The
maximum value for this treatment was -132, -102, and -126 kPa during 2015, 2016, and
2017 respectively. These maximum values occurred annually during the mid to late R5
growth stage, and were maintained for approximately 4-d. These data indicate that
allowing threshold values to exceed -100 kPa for 4 or more days during R5-R6.5 growth
stage reduces net returns above irrigation costs by at least $103.29 ha1 relative to seasonlong, static -85 kPa threshold.
Based upon our data we cannot recommend to increase kPa threshold during VNR4 growth stages. Others have noted that water stress occurring during early pod
development can lead to an increased rate of pod abortion and significant yield reductions
(Westgate and Peterson 1993; Liu et al. 2003; Brown et al. 1985; Frederick et al. 1990;
Smiciklas et al. 1992). However, the maximum value during the R1-R4 growth stages
were -64, -76, and -52 kPa during 2015, 2016, and 2017, respectively. These low values
are attributed to timely planting, which coincides with previous research that has shown
planting date plays a key role in drought avoidance (Heatherly et al. 1998). Future
research is needed to determine if kPa threshold can be increased during the early
reproductive stages.
3.5.1

Conclusion
The objective of this research was to determine if soybean grain yield, net returns

above irrigation costs, and IWUE are optimized using a static irrigation threshold or if the
irrigation threshold should be changed as a function of plant growth stage. Our data
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indicate that soybean grain yield, net returns above irrigation costs, and IWUE are
optimized using a season-long, static -85 kPa threshold. Moreover, prior research
conducted at the farm scale, encompassing approximately 23,000 km2, indicated that -85
to -100 kPa thresholds utilized season long did not adversely affect soybean grain yield or
net returns above irrigation costs on soil textures ranging from silt loam to clay (Bryant et
al. 2017). Overall, results from this research indicate that soybean producers in the MidSouthern United States can adopt a static -85 kPa soil moisture sensor threshold for early
planted soybean without adversely affecting yield or on-farm profitability, while
concurrently decreasing the demand on depleted groundwater resources.
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Table 3.1

Kilopascal thresholds utilized for dynamic and season-long, static
treatments for a study conducted in Stoneville, MS from 2015 through
2017.

Treatment
VN-R2 -50
VN-R2 -85
VN-R2 -125
R3-R4 -50
R3-R4 -85
R3-R4 -125
R5-R6 -50
R5-R6 -85
R5-R6 -125
Season -50
Season -85
Non-irrigated

Table 3.2

VN
-50
-85
-125
-75
-75
-75
-75
-75
-75
-50
-85
-

R1
-50
-85
-125
-75
-75
-75
-75
-75
-75
-50
-85
-

R2
-50
-85
-125
-75
-75
-75
-75
-75
-75
-50
-85
-

Growth Stage
R3
R4
-75
-75
-75
-75
-75
-75
-50
-50
-85
-85
-125
-125
-75
-75
-75
-75
-75
-75
-50
-50
-85
-85
-

R5
-75
-75
-75
-75
-75
-75
-50
-85
-125
-50
-85
-

R6
-75
-75
-75
-75
-75
-75
-50
-85
-125
-50
-85
-

Summary of estimated costs per hectare for full-season soybean irrigated
with roll-out pipe 65-hectare system, for the Delta area, Mississippi, 2018.

Item
Direct Expenses
Irrigation Supplies
Soil Moisture Sensors
Irrigation Labor
Operator Labor
Diesel Fuel
Repair and Maintenance
Interest on Op. Cap.
Total Direct Expenses

Unit

Price
$/ha
20.38
0.64
22.38
33.37
4.45
18.48
1.36

hectare
hectare
hour
hour
gal
hectare
hectare
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Quantity
1.00
1.00
0.8954
0.1939
19.90
1.00
1.00

Amount
$/ha
20.38
0.64
8.15
2.62
35.86
18.48
1.36
87.49

Table 3.3

Rainfall (cm) amounts for March through October in 2015, 2016, 2017, and
10 year average at Stoneville, MS.

Month
March
April
May
June
July
August
September
October
Total
Table 3.4

Treatment
VN-R2 -50
VN-R2 -85
VN-R2 125
R3-R4 -50
R3-R4 -85
R3-R4 -125
R5-R6 -50
R5-R6 -85
R5-R6 -125
Season -50
Season -85

2015
18.57
16.08
17.68
6.53
8.05
1.85
2.01
13.94
84.71

2016
46.91
10.95
8.28
12.85
16.59
13.92
0.86
0.51
110.87

2017
7.57
16.84
12.40
19.28
10.95
27.28
4.29
0.56
96.62

10 Year Average
14.22
14.22
13.11
7.54
10.34
7.06
9.53
13.49
89.51

Irrigation water applied (cm ha-1) at specific growth stages by year for a
study conducted in Stoneville, MS from 2015 through 2017.

VN

R1

2015
Growth Stage
R2
R3
24.7
24.7
24.7

24.7
24.7
24.7

R4

R5
49.4
24.7

R6
49.4
49.4

Total
123.5
98.8

24.7

49.4

74.1

24.7

24.7
49.4
24.7
74.1
74.1
49.4
74.1
49.4

74.1
49.4
49.4
172.9
172.9
74.1
197.6
74.1

24.7
98.8
74.1
98.8
24.7

57

Treatment
VN-R2 -50
VN-R2 -85
VN-R2 125
R3-R4 -50
R3-R4 -85
R3-R4 -125
R5-R6 -50
R5-R6 -85
R5-R6 -125
Season -50
Season -85

Treatment
VN-R2 -50
VN-R2 -85
VN-R2 125
R3-R4 -50
R3-R4 -85
R3-R4 -125
R5-R6 -50
R5-R6 -85
R5-R6 -125
Season -50
Season -85

VN

R1

2016
Growth Stage
R2
R3
24.7
24.7
24.7
24.7

R4
24.7

R5
49.4
24.7

R6
24.7

Total
123.5
49.4

24.7

24.7

24.7

74.1

49.4
49.4
49.4
49.4
49.4

24.7
24.7
24.7

24.7
24.7
24.7

49.4
49.4

24.7
24.7

74.1
123.5
98.8
123.5
98.8
74.1
148.2
123.5

R4

R5

R6
24.7

Total
24.7

24.7

24.7

24.7
24.7

49.4
24.7

74.1

24.7

98.8

74.1

24.7
24.7
24.7

24.7
123.5
24.7

24.7

24.7
24.7
24.7
24.7
24.7

VN

R1

24.7
24.7
24.7
24.7

2017
Growth Stage
R2
R3

24.7

24.7

24.7
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Table 3.5

Mean±SEM soybean grain yield (kg ha-1), irrigation water use efficiency
(kg ha-1 mm-1), and net returns above irrigation costs ($ ha-1) for a study
conducted in Stoneville, MS from 2015 through 2017.

Growth
kPa1
Yield
IWUE
Net Return
Stage Threshold
VN-R2
50
4006(124) ab
3.8(0.1)
1213.33(50.30) a
VN-R2
85
4061(78) ab
6.7(1.0)
1259.33(35.76) a
VN-R2
125
4037(139) ab
5.7(0.2)
1244.96(55.52) a
R3-R4
50
3921(134) bc
6.8(0.3)
1202.51(50.38) ab
R3-R4
85
3953(115) abc
5.7(0.8)
1207.32(42.11) ab
R3-R4
125
4038(131) ab
6.3(0.6)
1244.89(48.12) a
R5-R6
50
4158(104) a
2.9(0.3)
1222.29(45.67) a
R5-R6
85
4011(116) ab
3.5(0.4)
1204.75(51.25) ab
R5-R6
125
3741(126) c
5.3(0.3)
1141.60(49.28) b
1
Kilopascal
*Values in a column followed by the same letter are not significantly different at P ≤ 0.05
Table 3.6

Mean±SEM plant height (cm), total number of nodes, and number of pods
per plant for a study conducted in Stoneville, MS from 2015 through 2017.

Growth
kPa1
Height
Nodes
Pods
Stage Threshold
VN-R2
50
78.4(0.6) b
60.5(1.5) a
159.1(5.0) abc
VN-R2
85
77.8(0.6) b
55.0(1.7) bcd
153.0(5.1) bc
VN-R2
125
67.3(0.8) d
54.9(1.8) bcd
150.2(5.4) cd
R3-R4
50
81.1(0.5) a
51.1(1.5) cd
142.6(4.9) cd
R3-R4
85
77.4(0.5) b
60.7(1.7) a
156.9(4.6) abc
R3-R4
125
74.9(1.5) c
57.6(2.2) ab
174.5(7.7) a
R5-R6
50
75.7(0.4) bc
51.7(1.5) bcd
155.7(4.9) abc
R5-R6
85
78.1(0.6) b
55.1(1.4) abc
169.2(4.5) ab
R5-R6
125
76.1(0.4) bc
49.1(1.7) d
133.3(4.6) d
1
Kilopascal
*Values in a column followed by the same letter are not significantly different at P ≤ 0.05
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Table 3.7

Mean±SEM soybean grain yield (kg ha-1), irrigation water use efficiency
(kg ha-1 mm-1), and net returns above irrigation costs ($ ha-1) for seasonlong, static kPa threshold treatments for a study conducted in Stoneville,
MS from 2015 through 2017.

kPa1
Yield
IWUE2
Net Return
Threshold
50
4,195(99) a
17.2(1.1) b
1198.85(50.06) b
85
4,010(93) a
45.3(10.5) a
1219.06(35.78) ab
Non-irrigated 3,627(101) b
1298.25(38.82) a
1
Kilopascal
2
Irrigation Water Use Efficiency
*Values in a column followed by the same letter are not significantly different at P ≤ 0.05
Table 3.8

Mean±SEM soybean plant height (cm), total number of nodes, and number
of pods per plant for season-long, static kPa threshold treatments for a
study conducted in Stoneville, MS from 2015 through 2017.

kPa1
Height
Nodes
Pods
Threshold
50
79.0(0.9) a
59.1(1.9) b
171.4(4.5) b
85
75.3(0.9) b
73.6(1.9) a
188.6(5.6) a
Non-irrigated
78.5(0.4) a
56.5(1.2) b
151.9(3.6) c
1
Kilopascal
*Values in a column followed by the same letter are not significantly different at P ≤ 0.05
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CHAPTER IV
SOYBEAN PLANTING DATE AND MATURITY GROUP SELECTION AS A METHOD TO
OPTIMIZE NET RETURNS AVOVE IRRIGATION COSTS AND IRRIGATION WATER
USE EFFICIENCY
4.1

Abstract
Sustainable withdrawal from the Mississippi River Valley Alluvial Aquifer is predicated

on optimizing irrigation water use efficiency (IWUE) while, concomitantly, maintaining or
improving on-farm profitability. This research was conducted to determine if soybean (Glycine
max L.) planting date and maturity group (MG) interact to effect net returns above irrigation
costs and IWUE. A split-plot design with four replications of each treatment was arranged as a
randomized complete block on a Dundee silty clay loam from 2015-2017. The whole-plot was
planting date (early, middle, late), and the sub-plot was maturity group (MG III, IV, V). Planting
date and MG interacted to effect net returns above irrigation costs (P ≤ 0.0001) and IWUE (P ≤
0.0001). Relative to planting MG IV early, later planting or switching to another MG either had
no effect or reduced net returns above irrigation costs up to $724 ha-1. Planting date and MG
interacted to affect IWUE (P ≤ 0.0001). At the early planting date, the IWUE for MG IV and V
was 38.5% less than that of MG III. At the mid- and late-planting date, the IWUE for MG IV
was 4.8 to 25.8% less than that of MG III but 26.4 to 42.4% greater than that of MG V. These
data indicate that net returns above irrigation costs and IWUE are optimized by planting MG IV
or V early, MG IV mid-season, and MG III late season. With the use of planting date and MG
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selection, Mid-Southern United States producers can maintain or improve on-farm profitability,
while concurrently easing the region’s groundwater shortage problems.
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4.2

Introduction
The Mississippi River Valley Alluvial Aquifer (MRVAA) is the primary irrigation source

for the Mid-South (Missouri, Tennessee, Arkansas, Louisiana, and Mississippi) where, over the
past three decades, the number of agricultural wells has increased 6.8-fold (Sam Mabry, Personal
Communication, 2017). Groundwater levels in the region are declining because agricultural
withdrawal from the MRVAA exceeds its recharge rate (Guzman et al. 2014). Optimizing
irrigation water use efficiency (IWUE) for the primary row-crops in the region is a means to
ensure sustainable withdrawal from the MRVAA.
Nationally, Mississippi ranks eighth in terms of irrigated cropland area (USDA NASS
2013) and soybean accounts for 47.3% of total irrigation water applied to row crops in the state
(Massey et al. 2017). From 2002-2013, average season-long irrigation water applied to soybean
in Mississippi was 2,800 m3 ha-1, and irrigation rates increased circa 200 m3 ha-1 y-1 (Massey
et al. 2017). With approximately 635,000 soybean hectares in the Mississippi Delta, of which
61% are furrow irrigated (USDA-NASS 2014; Yazoo Mississippi Delta Joint Water
Management District 2013), there is critical need for improving IWUE.
Planting early and changing MG as planting windows progress may be a means to
maintain or improve net returns above irrigation costs. The early soybean production system
(ESPS) improved yield and net returns by shifting mid-south producers from planting
determinate MG V-VII cultivars in May and June to planting indeterminate MG IV cultivars in
April and May (Heatherly 2005). More recently, stability analysis indicated that MG IV and V
cultivars had the greatest probability (80%) of achieving yields that exceed 3000 kg ha-1 at early
planting dates (ranging from 20 March to 31 May) compared to MG III (70%) and MG VI
cultivars (50%) (Salmeron et al. 2014). Moreover, for late planting dates (from 4 May to 17
July), MG III and IV cultivars had the greatest probability (62%) of achieving yields > 3000 kg
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ha-1 compared to other MGs in the study (57 and 38% for MG V and VI cultivars). These results
are critical to the Mid-South region as producers primarily plant MG IV soybean varieties during
the early and mid-planting window and MG IV and V during the late window (Personal
communication Trent Irby).
Maturity group may also affect irrigation requirements needed throughout the growing
season. Edwards et al. (2003) reported that non-irrigated, MG I-IV soybean had similar yields as
those under irrigation in the southeastern United States; yet, Wegerer (2012) identified irrigated
MG IV to have superior yield, weed control, and irrigation attributes compared to irrigated MGs
II and III. However, MG II and III return more yield per ha mm of water applied than later
maturing varieties due to shorter seed-fill durations (Wegerer et al. 2015; Edwards et al. 2003).
Current production practices in the Mid-South utilize the ESPS, and the most commonly
planted varieties are indeterminate MG IV and V cultivars (Heatherly 2005). For local producers
to adopt a practice, specifically best irrigation water management strategies, on-farm profitability
must be maintained or improved (Kay et al. 2015). Thus, evaluating new practices must be done
by selecting the strategies that maximize on-farm profitability, and then selecting for the highest
IWUE among those strategies. The objective of this study was to determine if planting date and
MG interact to affect net returns above irrigation costs and IWUE in a sensor based irrigation
program.
4.3
4.3.1

Materials and Methods
Site Description and Experimental Design
Research was conducted from 2015 through 2017 at the Delta Research and Extension

Center, Stoneville, Mississippi on a Dundee silty clay loam (Fine-silty, mixed, active, thermic
Typic Endoaqualfs). Plots, 4.04-m wide by 10.9-m long, were seeded with a John Deere
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Maxemerge 4-row planter at a depth of 3-cm and a rate of 345,800 seeds ha-1. The experiment
was a split-plot design in a randomized complete block with four replications. The whole plot
was planting date which consisted of April 25-26 (Early), May 11-15 (Mid), and June 1-6 (Late)
and the sub-plot was maturity group (MG III, IV, V) (Table 1). Some cultivars changed from
year to year, but replacement cultivars were of similar maturity (Table 2). All soybean cultivars
had an indeterminate growth habit.
4.3.2

Sensor Based Scheduling
Irrigation was applied when the weighted average of the soil water potential in the 0- to-

61-cm rooting depth reached -75 kPa as measured by Watermark Model 200SS soil water
potential sensors (Irrometer Company Inc., Riverside, CA), installed at 15, 30, and 61-cm depths
within one replication. Irrigation was terminated at the R6.5 growth stage as recommended by
the Mississippi State University Extension Service.
4.3.3

Irrigation Delivery
Plots were furrow irrigated, in which water was pumped through 30.5-cm diameter lay-

flat poly-ethylene tubing (Delta Plastics, Little Rock, AR) laid perpendicular to the soybean
rows. Computerized hole selection was calculated with the Pipe Hole And Universal Crown
Evaluation Tool (PHAUCET) version 8.2.20 (USDA-NRCS, Washington, DC). Input parameters
for computerized hole selection were implemented as described by Bryant et al. (2017). Flow
rate at the field inlet was determined with a McCrometer flow tube with attached McPropeller
bolt-on saddle flowmeter (McCrometer Inc., Hemet, California). During each irrigation event,
24.7-cm ha-1 of water was applied at 11.3 L min-1 furrow-1. Agronomic practices outside of
irrigation scheduling were conducted according to Mississippi State University Extension
Service recommendations for regional producers. Growth stage for each treatment was
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determined weekly. The center two rows of each plot were mechanically harvested at
physiological maturity when seed moisture was between 15-25%, and yields were determined
with a calibrated yield monitor (Ag Leader Technology, Ames, Iowa). Irrigation water use
efficiency was calculated as described by Vories et al. (2005):
𝐼𝑊𝑈𝐸 =

𝑌
𝐼𝑊𝐴

where IWUE is irrigation water use efficiency (kg/ha-mm), Y is soybean grain yield
(kg/ha), and IWA is irrigation water applied (ha-mm).
4.3.4

Economic Analysis
The model used to estimate irrigation costs in this research incorporates irrigation

enterprise budgets developed utilizing the Mississippi State University Budget Generator. The
model develops estimates of total receipts, total direct expenses, total fixed expenses, total
specified expenses and net returns above total specified expenses on a per hectare basis. The cost
estimates are adjusted on an annual basis for the 2015, 2016 and 2017 crop years for changes in
variable input costs other than diesel prices. Soybean prices are held constant at $10.00 per
bushel. Assumptions related to equipment utilized in each enterprise budget are reported in Table
3. The values for purchase price and fuel consumption are based on personal communications
with Mississippi Delta region irrigation equipment input and service providers.
4.3.5

Statistical Analysis
Using the GLIMMIX procedure of SAS (Statistical Analytical System Release 9.4; SAS

Institute Inc., Cary, North Carolina), an initial analysis was conducted with year, planting date,
and maturity group serving as fixed effects and replication within year, replication by planting
date within year, variety within year and maturity group, and planting date by variety within year
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and maturity group serving as random terms. For soybean grain yield, total irrigation water
applied, IWUE, and economic net return F-values were small compared to the planting date and
maturity group interaction values. Therefore, a second analysis was conducted with year serving
as a component of error. In the second analysis, planting date and maturity group served as fixed
effects and year, replication within year, year by planting date, replication by planting date
within year, year by maturity group within planting date, and planting date by variety within year
by maturity group served as random terms. Degrees of freedom were estimated using the
Kenward-Roger method. Means were separated using the LSMEANS statement. Differences
were considered significant for α=0.05.
4.4
4.4.1

Results
Seasonal Rainfall
Seasonal rainfall varied by year during the study as compared to the 10 year average

rainfall (YAR) amounts (Table 4). The 2015 growing season was characterized as hot and dry
and had 13.5%, 22.1%, and 73.7% less rainfall during the months of June, July, and August,
respectively, as compared to the 10 YAR. These conditions resulted in water deficits during
critical reproductive growth stages for soybean planted in an early and mid-planting date and the
frequency of irrigation requirements reflect this (Table 5). In contrast, the 2016 and 2017
growing seasons had higher amounts of rainfall than the 10 YAR, with the months of June, July,
and August averaging 112%, 32.5%, and 188% more rainfall respectively across both years.
4.4.2

Soybean Grain Yield
Planting date and MG interacted to affect soybean grain yield (P ≤ 0.0001) (Table 6). In

the early planting date, yield for MG IV and V was at least 11.9% greater than MG III. Maturity
group IV yielded 12.1% and 22.4% greater than MG III and V, respectively, at the mid-planting
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date. In the late planting date, yield was not different among MGs. Yield for MG III and IV was
stable through the mid-planting window, but delaying planting until the late window reduced
yield by at least 33.4% as compared to the early planting. Yield for MG V decreased 29.9% from
early to mid-planting date, but did not change from the mid to late planting date.
4.4.3

Irrigation Water Use Efficiency
Planting date and MG interacted to affect IWUE (P ≤ 0.0001) (Table 6). In the early

planting date, the IWUE of MG IV and V was 38.5% less than that of MG III. Maturity group IV
had 25.8% less and 42.4% greater IWUE when compared to MG III and V, respectively, within
the mid-planting date. In the late planting date, MG IV had 7.5% less and 26.4% greater IWUE
than MG III and V, respectively. As compared to the early planting date, IWUE for MG III
decreased 28.3% and 42.4% for the mid and late planting date, respectively. Irrigation water use
efficiency for MG IV did not change due to planting date. As compared to the early planting
date, IWUE for MG V decreased 33.3% from an early to mid-planting date, but did not change
from the mid to late planting date.
4.4.4

Net Returns Above Irrigation Costs
Planting date and MG interacted to affect net returns above irrigation costs (P ≤ 0.0001)

(Table 6). In the early planting date, the net returns above irrigation costs for MG IV and V was
20.0% greater than that of MG III. Planting a MG IV cultivar resulted in 19.8% and 38.4%
greater net return above irrigation costs compared to MG III and V, respectively, at the midplanting date. Net returns above irrigation costs were not different among MGs in the late
planting date. Planting during the mid or late window, rather than early, decreased net returns
above irrigation costs for all MGs 18.9 to 61.5%. Interestingly, MG V was most sensitive to
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delayed planting. For example, delaying the planting of MG V by 20-d decreased net returns
above irrigation costs 49.2%, as compared to 20% for MG III and IV.
4.5

Discussion
The objective of this research was to determine if planting date and MG interact to affect

net returns above irrigation costs and IWUE. Our research indicates that planting date and MG
interact to affect net returns above irrigation costs and IWUE, and that MG selection must
change as planting date progresses. Presently, Mid-Southern United States producers primarily
plant MG IV soybean varieties during the early and mid-planting window and MG IV or V
during the late window (Personal communication Trent Irby). This research indicates that to
improve Mid-South soybean production a radical shift in MG selection by planting date is
required.
For all MGs, net returns above irrigation costs and IWUE were greater during early rather
than later planting dates. Others noted that net returns were maximized for MG III, IV, and V
when planted at mid-April in the Mid-South (Salmeron et al. 2014). Higher yields and net returns
for these MGs planted early rather than later is attributed to an increased photoperiod (Chen and
Wiatrak, 2010; Purcell et al. 2002), increased leaf area index and radiation interception (Egli et
al. 1987), reduced risk of late-season effects caused by insect pests (Baur et al. 2000; Gore et al.
2006), and improved drought avoidance (Heatherly et al. 1998; Boykin 2002; Heatherly and
Spurlock 2002). Aside from August 2015, rainfall amounts during critical reproductive periods
for soybean planted in April were equivalent or exceeded the 10 YAR amounts, and the greater
IWUE during the early planting date reflect this (Table 5). Yet, as planting date progressed,
yield, net returns above irrigation costs and IWUE were adversely affected for all MGs.
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Net returns above irrigation costs and IWUE are optimized in the early planting window
by planting MG IV or V rather than MG III. The IWUE for MG III was superior to that of later
maturing varieties but should not be planted during the early window due to lower net returns
above irrigation costs (Kay et al. 2015). Others noted similar yield potentials among early,
planted indeterminate MG IV and V cultivars, and that these cultivars have a greater yield
potential than MG III cultivars (Wegerer et al. 2015; Popp et al. 2006; Salmeron et al. 2014). The
superior yield and net returns for early, planted later, maturing cultivars is attributed to a larger
amount of radiation intercepted during reproductive growth (Egli and Bruening 2000; Kantolic et
al. 2013).
For the mid-planting window, net returns above irrigation costs and IWUE are optimized
for the Mid-South only by planting MG IV cultivars. As in the early planting window, the IWUE
for MG III was greater than that of MG IV, but the net returns above irrigation costs were $162
ha-1 less than that of MG IV. Others noted superior yields and economic benefits for MG IV
cultivars relative to earlier or later maturing cultivars when planted in May (Heatherly 2005;
Salmeron et al. 2014; Salmeron et al. 2016; Popp et al. 2006). Greater yields and net returns for
MG IV relative to other MGs within the mid-planting window is attributed to better
synchronization of reproductive growth with optimum environmental conditions (Chen and
Wiatrak 2010; Purcell et al. 2002; Egli et al. 1987).
Net returns above irrigation costs and IWUE are optimized in the late window by
planting MG III rather than MG IV or V cultivars. Similar yields among MG III, IV, and V
cultivars when planted in the late window is noted (Heatherly 2005; Salmeron et al. 2016).
However, MG III returned more yield per ha-mm of water applied than later maturing cultivars,
which is consistent with the literature (Wegerer et al. 2015; Heatherly 2005; Edwards et al.
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2003). The greater IWUE for MG III cultivars is due to their shorter seed-fill duration, enabling
them to reach physiological maturity at least 10-d earlier than later maturing varieties (Table 1)
(Wegerer et al. 2015; Edwards et al. 2003).
4.6

Conclusion
The objective of this study was to determine if soybean planting date and MG interact to

affect soybean grain yield, IWUE and net returns above irrigation cost. Planting date and MG
interacted to affect net returns above irrigation costs and IWUE, which means that different MGs
must be selected across planting dates to optimize net returns and IWUE. Specifically, our data
indicate that net returns above irrigation cost and IWUE are optimized by planting MG IV or V
cultivars early, MG IV cultivars mid-season, and MG III cultivars late season. Currently, MidSouth producers primarily plant MG IV soybean varieties during the early and mid-planting
window and MG IV or V during the late window (Personal communication Trent Irby). This
research indicates that to optimize Mid-South soybean production for net return and IWUE a
radical shift in MG selection by planting date is required. Overall, through the manipulation of
planting date and MG selection Mid-South producers can maintain or improve on-farm
profitability, while concurrently easing the region’s groundwater shortage problems.
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Table 4.1

PD1

Soybean planting and harvest dates by year for a study conducted in Stoneville,
MS.
MG2

III
Early IV
V
III
Mid
IV
V
III
Late
IV
V
1
Planting Date
2
Maturity Group
Table 4.2

Planting
27-April
27-April
27-April
13-May
13-May
13-May
1-June
1-June
1-June

2015
Harvest Date
22-August
9-September
15-September
2-September
17-September
28-September
16-September
26-September
1-October

Planting
25-April
25-April
25-April
18-May
18-May
18-May
5-June
5-June
5-June

2017
Harvest Date
23-August
8-September
14-September
30-August
20-September
28-September
14-September
27-September
1-October

Soybean cultivars used in 2015, 2016, and 2017 by maturity group for a study
conducted in Stoneville, MS.

2015
Company
Cultivar
Asgrow
AG3832
III
Mycogen
5N40
Pioneer
P93Y92
Asgrow
AG4632
IV
Mycogen
5N451
Pioneer
P47T36
Asgrow
AG5335
V
Mycogen
5N52
Pioneer
P53T73
1
Maturity Group
MG1

Planting
27-April
27-April
27-April
16-May
16-May
16-May
7-June
7-June
7-June

2016
Harvest Date
25-August
10-September
16-September
30-August
19-September
29-September
19-September
29-September
3-October

2016
Company
Cultivar
Asgrow
AG3832
Mycogen
5N40
Pioneer
P38T61
Asgrow
AG4632
Mycogen
5N451
Pioneer
P47T36
Asgrow
AG5335
Mycogen
5N52
Pioneer
P53T18
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2017
Company
Cultivar
Asgrow
AG39X7
Mycogen
5N40
Pioneer
P38T61
Asgrow
AG4632
Mycogen
5N451
Pioneer
P47T36
Asgrow
AG5335
Mycogen
5N52
Pioneer
P53T18

Table 4.3

Summary of estimated costs per hectare for full-season soybean irrigated with
roll-out pipe 65-hectare system, for the Delta area, Mississippi, 2017.

Item
Direct Expenses
Irrigation Supplies
Soil Moisture Sensors
Irrigation Labor
Operator Labor
Diesel Fuel
Repair and Maintenance
Interest on Op. Cap.
Total Direct Expenses
Table 4.4

Unit

Price
$/ha
20.38
0.64
22.38
33.37
4.45
18.48
1.36

hectare
hectare
hour
hour
gal
hectare
hectare

Quantity
1.00
1.00
0.8954
0.1939
19.90
1.00
1.00

Amount
$/ha
20.38
0.64
8.15
2.62
35.86
18.48
1.36
87.49

Rainfall (cm) amounts for March through October in 2015, 2016, 2017, and 10
year average at Stoneville, MS.

Month
March
April
May
June
July
August
September
October
Total

2015
18.57
16.08
17.68
6.53
8.05
1.85
2.01
13.94
84.71

2016
46.91
10.95
8.28
12.85
16.59
13.92
0.86
0.51
110.87

2017
7.57
16.84
12.40
19.28
10.95
27.28
4.29
0.56
96.62
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10 Year Average
14.22
14.22
13.11
7.54
10.34
7.06
9.53
13.49
89.51

Table 4.5

Irrigation water applied (cm ha-1) at specific growth stages by year for a study
conducted in Stoneville, MS from 2015 through 2017.

Planting Date
Early
Mid
Late

Planting Date
Early
Mid
Late

MG1
III
IV
V
III
IV
V
III
IV
V

MG
III
IV
V
III
IV
V
III
IV
V

VN

R1

2015
Growth Stage
R2
R3
R4
24.7
24.7

24.7
24.7
24.7

24.7
49.4
98.8

24.7

VN

R1

24.7
24.7

24.7
24.7
74.1
24.7
98.8
49.4
74.1

2016
Growth Stage
R2
R3
R4
24.7
24.7
24.7
24.7
24.7
24.7
24.7
24.7
24.7
49.4
49.4

24.7
24.7
24.7

49.4

24.7

R5
24.7
49.4
123.5
98.8
98.8
98.8
98.8
49.4
74.1

R5
49.4
49.4
49.4
49.4

R6
74.1
49.4
24.7
74.1
49.4
24.7
49.4
24.7

R6
24.7

24.7
24.7

24.7
24.7

24.7
24.7

Total
49.4
123.5
172.9
197.6
271.7
197.6
247.0
197.6
296.4

Total
123.5
123.5
74.1
123.5
74.1
98.8
49.4
74.1
148.2

2017
Planting Date
Early
Mid
Late
1

MG
III
IV
V
III
IV
V
III
IV
V

VN

R1

R2

Growth Stage
R3
R4

24.7
24.7
24.7

Maturity Group
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R5
24.7
49.4
49.4
24.7
49.4
49.4

R6

Total
24.7
49.4
49.4
24.7
49.4
49.4
24.7
24.7
24.7

Table 4.6

Mean±SEM soybean grain yield (Kg ha-1), irrigation water use efficiency
(Kg ha-1 mm-1), and net return above irrigation costs ($ ha-1) for a study
conducted in Stoneville, MS from 2015 through 2017.

Planting Date
MG1
Yield
IWUE2
Net Return
Early
III
4079(135) bc
9.2(1.1) a
814.54(51.28) b
Early
IV
4719(161) a
5.6(0.6) cd
1037.09(56.57) a
Early
V
4625(153) a
5.7(0.5) cd
999.18(53.64) a
Mid
III
3674(93) c
6.6(1.1) b
660.90(32.67) c
Mid
IV
4176(145) ab
4.9(0.5) cd
823.84(50.70) b
Mid
V
3241(90) d
3.8(0.4) e
507.24(31.68) d
Late
III
2710(115) d
5.3(0.7) c
313.54(42.76) e
Late
IV
2737(139) d
4.9(0.5) d
344.25(48.90) e
Late
V
2831(141) d
3.9(0.6) e
318.02(49.38) e
1
Maturity Group
2
Irrigation Water Use Efficiency
* Values in a column followed by the same letter are not significantly different at P ≤
0.05
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CHAPTER V
NARROW ROW SOYBEAN PORDUCTION SYSTEMS MAXIMIZE NET RETURNS AND
WATER USE EFFICIENCY
5.1

Abstract
Sustainable production of furrow irrigated soybean in the Mid-South is predicated on

optimizing water use efficiency (WUE) for row crops produced in the Mid-South while,
concomitantly, maintaining or improving on-farm profitability. This research was conducted to
determine if soybean row spacing and plant population interact to effect soybean grain yield,
economic net return, and WUE. A split-plot design with four replications of each treatment was
arranged as a randomized complete block on a Sharkey clay in 2016 and 2017. The whole plot
was row spacing, 50.8 cm (NARROW) and 101.6 cm (CONV), and the sub-plot was plant
population (276,640, 345,800, and 414,960 plants ha-1). Water use efficiency was equivalent
among treatments, however, the row spacing main effect was significant for soybean grain yield
and economic net return (P = 0.0494). Soybean grain yield and economic net return was 2.7%
and 2.9% greater in NARROW relative to CONV systems. This indicates conversion to
NARROW soybean production systems will improve soybean grain yield and on-farm
profitability on Mid-South clay textured soils, while maintaining equivalent WUE.
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5.2

Introduction
The Mississippi River Valley Alluvial Aquifer (MRVAA) underlies approximately

83,000 km2 of the Mid-South (Missouri, Tennessee, Arkansas, Louisiana, and Mississippi) and
is the main source of irrigation withdrawal for Mississippi Delta row crops. Over the past three
decades, the number of agricultural wells has increased 6.8 fold (Sam Mabry, Personal
Communication, 2017) and sustained heavy pumping from multiple wells for extensive periods
has led to substantial, widespread water-level declines (Guzman et al. 2014). To improve
irrigation management in the region, cultural practices, such as optimizing row spacing and plant
population, and their impacts on water use efficiency (WUE) need to be evaluated.
In the Mid-South, soybean production generally uses raised beds on wide rows to
accommodate furrow irrigation and utilizes the same equipment for cotton (Gossypium hirsutum
L.) and corn (Zea mays L.) planting and tending. Common row widths used for soybean in the
lower Mississippi River Valley range from 88 to 102 cm. Bedding refers to ridging soil or raising
the seedbed above the area of peak water accumulation or above the mean water elevation of the
field. Bedding systems vary by the height of the bed, the width of the bed, and the number of
rows each bed supports. Wide beds capable of supporting more than one row can be constructed
and could be incorporated with narrow-row configurations currently utilized in the Mississippi
Delta and the early season production system (ESPS) for soybean. Furthermore, the ESPS is
suited for the use of narrow-row culture to accommodate the narrow growth habit of
indeterminate MG IV cultivars (Heatherly and Bowers 1998).
The ESPS results in less extensive vegetative growth, a reduced need for mechanical
weed control, and an increased need for maximum light interception. Manipulation of inter- and
intra-row spacing facilitates fast canopy closure and distributes plants more evenly. Even
distribution maximizes light interception and growth and development by eliminating
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competition between plants. Soybean yields in the Midwestern United States usually are greater
from plants in narrow-rows than in the historical 102-cm rows (Pendleton and Hartwig 1973;
Cooper 1977). This yield increase, at equivalent plant populations, is attributed to the
development of a canopy that provides complete ground cover and greater light interception, as
compared to wide-row spacing, by the time rapid pod-fill occurs (Shibles and Weber 1966;
Johnson et al. 1982; Board et al. 1992). Rapid canopy development may be a disadvantage
during dry years, however, because the increased early season exposure of leaves to full sunlight
usually increases the use of stored soil water, if other factors are equal. If more stored soil water
is used early in the growing season, less water is available during the critical pod-filling stages
and supplemental water would need to be applied. Taylor (1980) found the yield advantage of
narrow rows more evident where moisture was sufficient. Accordingly narrow row
configurations work well in areas where early season soil moisture is not a limiting factor.
The spatial distribution of plants in a crop community is an important determinant of
yield (Egli 1998; Bullock et al. 1998). Manipulation of planting pattern and density of soybean
has resulted in variable growth and seed yield responses (Duncan 1986; Robinson and Wilcox
1998). Plant density strongly affects leaf area, and therefore, light interception and canopy
photosynthesis in soybean (Wells 1991; Board 2000; Singer 2001). However, in most
experiments reported, yield responses to plant population have seldom been large and are
frequently irregular (Lehman and Lambert 1960; Mason et al. 1980; Reiss and Sherwood 1965;
Weber et al. 1966). Timmons et al. (1967) found greatest soybean yields were obtained with low
plant population when planted in narrow rows, but higher planting rates were required for
maximum yield in wider rows. Cooper (1977) found similar trends at some Illinois locations, but
not at others. Taylor (1980), Stone et al. (1976), and others have attempted to relate row spacing

80

and population effects to soil water depletion and evapotranspiration rates for soybeans. In a year
of above normal precipitation in Iowa, Taylor (1980) obtained 17% greater soybean yield from
25-cm rows than from 100-cm rows, but he found no row spacing effects in drier years. The
question of water use rate, as affected by planting geometry, becomes of major significance to
soybean production in the Mid-South. In such situations, water availability may assume greater
importance than availability of solar radiation in limiting the growth of most crops. The objective
of this research is to determine the impact row spacing and plant populations have on soybean
grain yield, WUE, and economic net return.
5.3
5.3.1

Materials and Methods
Site Description and Experimental Design
To determine the effect that row spacing and plant population have on soybean grain

yield, WUE, and economic net return, an experiment was conducted at the Delta Research and
Extension Center located in Stoneville, Mississippi. Soybean (HBK LL 4653) was planted on 26May 2016 and 11-May 2017. Plots were 12.1-m wide and 140.6-m long and the soil texture of
the field was Sharkey Clay (very-fine, smectitic, thermic Chromic Epiaquerts). Treatments were
in a split-plot arrangement within a randomized complete block design with four replications.
The main plot factor was row spacing that consisted of 1-m (CONV) and 2-m (NARROW) wide
raised seed beds. The NARROW row spacing contained four rows of planted soybean spaced 50cm apart. The CONV row spacing were planted with a single row of soybean. The sub-plot
factor were plant populations that consisted of 276,640, 345,800, and 414,960 plants ha-1.
5.3.2

Irrigation Scheduling
Irrigation was applied when the weighted average of the soil water potential in the 0- to-

61-cm rooting depth reached -100 kPa as measured by Watermark Model 200SS soil water
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potential sensors (Irrometer Company Inc., Riverside, CA), installed at 15, 30, and 61-cm depths
within one replication. Irrigation was terminated at the R6.5 growth stage as recommended by
the Mississippi State University Extension Service.
5.3.3

Irrigation Delivery
Plots were furrow irrigated, in which water was pumped through 30.5-cm diameter lay-

flat poly-ethylene tubing (Delta Plastics, Little Rock, AR) laid perpendicular to the soybean
rows. Computerized hole selection was calculated with the Pipe Hole And Universal Crown
Evaluation Tool (PHAUCET) version 8.2.20 (USDA-NRCS, Washington, DC). Input parameters
for computerized hole selection were implemented as described by Bryant et al. (2017). Flow
rate at the field inlet was determined with a McCrometer flow tube with attached McPropeller
bolt-on saddle flowmeter (McCrometer Inc., Hemet, California). During each irrigation event,
24.7-cm ha-1 of water was applied and flow down each furrow was managed to stay within 11.322.7 L min-1. Agronomic practices outside of irrigation scheduling were conducted according to
Mississippi State University Extension Service recommendations for regional producers (Catchot
2017; Bond et al. 2017). Growth stage of each treatment were taken once a week. The center two
rows of each plot were mechanically harvested at physiological maturity when seed moisture
was between 15-25% and yields determined with a calibrated yield monitor (Ag Leader
Technology, Ames, Iowa). Water use efficiency was calculated as described by Viets (1962):
𝑊𝑈𝐸 =

𝑌
𝑊𝐴

where WUE is water use efficiency (kg/ha mm-1), Y is soybean grain yield (kg/ha), and
WA is water used to produce the crop (ha mm-1).

82

5.3.4

Economic Analysis
The model used to estimate irrigation costs in this research incorporates irrigation

enterprise budgets developed utilizing the Mississippi State University Budget Generator. The
model develops estimates of total receipts, total direct expenses, total fixed expenses, total
specified expenses and net returns above total specified expenses on a per hectare basis. The cost
estimates are adjusted on an annual basis for the 2015, 2016 and 2017 crop years for changes in
variable input costs other than diesel prices. Soybean prices are held constant at $10.00 per
bushel. Assumptions related to equipment utilized in each enterprise budget are reported in Table
3. The values for purchase price and fuel consumption are based on personal communications
with Mississippi Delta region irrigation equipment input and service providers.
5.3.5

Statistical Analysis
Using the GLIMMIX procedure of SAS (Statistical Analytical System Release 9.4; SAS

Institute Inc., Cary, North Carolina), an initial analysis was conducted with year, row spacing,
and plant population serving as fixed effects and replication within year, replication by row
spacing within year serving as random terms. For soybean grain yield, average plant height,
number of main stem nodes, and average pods per 1-m2 F-values were small compared to the
row spacing and plant population interaction values, so a second analysis was conducted with
year serving as a component of error. In the second analysis, row spacing and plant population
served as fixed effects and year, replication within year, year by row spacing, replication by row
spacing within year, and year by plant population within row spacing served as random terms.
Degrees of freedom were estimated using the Kenward-Roger method. Means were separated
using the LSMEANS statement. Differences were considered significant for α=0.05.
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5.4
5.4.1

Results and Discussion
Seasonal Rainfall
Seasonal rainfall varied by year during the study as compared to the 10 year average

rainfall (YAR) amounts (Table 4). In 2016, rainfall amounts during April and May were
approximately 23% and 37% less, respectively, than the 10 YAR amount. However, during June,
July and August, rainfall amounts were 70%, 60%, and 97% higher, respectively, than the 10
YAR. In 2017, rainfall amounts during April and May were 18% more and 5% less, respectively,
than 10 YAR. Months of June, July and August had 156%, 6%, and 286% more rainfall,
respectively, than 10 YAR amounts. Relatively normal to below normal rainfall allowed for
timely planting, and rainfall during the months of critical reproductive growth lead to only one
irrigation event needed during 2016 for all plant populations of NARROW and the CONV
276,640 seed ha-1.
5.4.2

Soybean Grain Yield
For soybean grain yield, only the row spacing main effect was significant (P = 0.0433).

NARROW row soybean yielded 2.7% greater than CONV. Our results agree with others that by
reducing row spacing in irrigated environments from 102-cm to 25-cm soybean grain yield
increases from 135 to 605 kg ha-1 (Wiggins 1939; Bowers et al. 2000; Bullock et al. 1998;
Ethredge et al. 1989; Heatherly 1988; Holshouser and Whittaker 2002; Oriade et al. 1997; Reddy
2002; Walker et al. 2010). The greater yields of NARROW are due to the benefits of faster
canopy closure, and increased light interception by the time rapid pod-fill occurs (Boquet 1990;
Bowers et al. 2000; Holshouser and Whittaker 2002; Ethredge et al. 1989; Bullock et al. 1998).
While results for irrigated soybean are consistent, yield benefits from narrow row spacing in rain
fed environments vary depending on climatic conditions (Epler and Staggenborg 2008;
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Heatherly 1988; Heitholt et al. 2005). Yield gain from narrow row spacing in rain fed
environments may not be observed in years with extreme water stress (Alessi and Power 1982;
Taylor 1980). Conversely, in years with adequate soil moisture, yield gains from narrow row
spacing in rain fed environments are similar to those of irrigated soybean.
5.4.3

Water Use Efficiency
For WUE, there was no interaction or main effect (P ≥ 0.7013). These results indicate

that NARROW utilizes equivalent water relative to CONV. Conversely, others have noted that
NARROW row systems utilize more stored water than CONV row spacing due to NARROW
having more evenly distributed plant roots in the soil profile (Sharrat and McWilliams 2005;
Dalley et al. 2006; Krutz et al. 2007). Yet, our results indicate that in years with adequate soil
moisture, WUE is equivalent for NARROW and CONV.
5.4.4

Harvest Samples
For plant height, number of main stem nodes, and average number of pods per 1-m2, only

row spacing affected pods per 1-m2 (P = 0.0373). Our data indicate that decreasing row spacing
from 101.6-cm to 50.8-cm increased pods per 1-m2 by 13.6%. These results coincide with the
literature in which parameters attributable to yield were higher when row spacing decreased from
76-cm to 19-cm (Kolaric et al. 2014; Cox et al. 2010; Cox and Cherney 2011).
5.4.5

Economic Net Return
For economic net return, only the row spacing main effect was significant (P = 0.0433).

Economic net return for NARROW was 2.9% greater than that of CONV. Yet, 63% of local
producers have not adopted NARROW row soybean production due to increased cost of
establishing the system. However, Oriade et al. (1997) were the first to confirm the economic
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benefits of narrow row spacing soybean production systems in the Mississippi Delta of the MidSouth. Subsequent research found that yield benefits offset the higher costs of equipment, seed,
and weed management associated with narrower row spacing, supporting the findings of Oriade
et al. (1997) (Heatherly et al. 2001; Reddy 2002). Our results indicate that with a yield gain of
135 kg ha-1 due to NARROW row production the purchase of a narrow row planter can be
recouped after planting 1,352 ha at 10$ bushel price (Table 3).
5.5

Conclusion
This research was conducted to determine if soybean row spacing and plant population

interact to effect soybean grain yield, economic net return, and WUE. Only the row spacing main
effect impacted soybean grain yield, and economic net return. Soybean grain yield and economic
net return for NARROW increased 2.7% and 2.9%, respectively, as compared to CONV. Our
results indicate that conversion to NARROW row soybean production systems will improve
soybean grain yield and on-farm profitability on Mid-South clay textured soils, while
maintaining equivalent WUE.
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Table 5.1

Rainfall (cm) amounts for March through October in 2016, 2017, and 10 year
average at Stoneville, MS.

Month
March
April
May
June
July
August
September
October
Total
Table 5.2

Row
Spacing

CONV

NARROW

2016
46.91
10.95
8.28
12.85
16.59
13.92
0.86
0.51
110.87

2017
7.57
16.84
12.40
19.28
10.95
27.28
4.29
0.56
96.62

10 Year Average
14.22
14.22
13.11
7.54
10.34
7.06
9.53
13.49
89.51

Mean±SEM plant height, number of main-stem nodes, pods per 1-m2, soybean
grain yield and water use efficiency (Kg ha-1 mm-1) for a study conducted in
Stoneville, MS from 2016-2017.
Plant
Population

Yield

WUE

Height

Nodes

Pods

Net
Return

276,640

4,474(59)

8.2(0.3)

96.4(0.4)

17.3(0.2)

1,266(42)

1,459(22)

345,800

4,415(51)

8.7(0.6)

96.1(0.6)

17.1(0.3)

1,097(121)

1,439(19)

414,960

4,442(44)

8.7(0.6)

95.8(0.5)

16.6(0.2)

1,301(23)

1,449(16)

Average

4,443(52) b

276,640

4,516(88)

8.3(0.4)

95.1(0.7)

17.9(0.3)

1,399(121)

1,473(33)

345,800

4,578(36)

8.4(0.2)

95.0(0.5)

17.3(0.3)

1,338(89)

1,495(13)

414,960

4,601(106)

8.4(0.4)

96.3(0.6)

16.7(0.3)

1,415(84)

1,504(39)

Average

4,565(71) a

1,222(51) b 1,449(19) b

1,384(62) a 1,491(28) a

*Values in a column followed by the same letter are not significantly different at P ≤ 0.05
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Table 5.3

Hectares needed to recoup purchase price of 24-row planter based upon kg
ha-1 yield increase and bushel price.

Bushel Price

Kg ha-1 Increase

8.50

9.00

9.50

10.00

10.50

11.00

-----Hectares-----

135

1,591

1,502

1,423

1,352

1,288

1,229

270

796

751

712

676

644

615

540

398

376

356

338

322

307

1,075

199

188

178

169

161

154
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